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Abstract

The aim of this thesis is to develop a computer model for predicting vegetation change within
the Astroni crater, a State Nature Reserve near Naples, Italy. The Astroni crater presents a complex
zonation of vegetation communities, including Mediterranean Quercus ilex woodlands, temperate
deciduous oak woodlands and exotic plantations. It was hoped that the computer software developed,
termed ASTROMOD, would allow the analysis of environmental and management scenarios in the
crater, thus aiding the reserve’s managers in effective decision making.
ASTROMOD comprises a vegetation dynamics model developed for forest ecosystems,
combined with models of environmental determinants. It success hilly integrates a user-friendly
interface, a geographical information system, a parameter database and a series of programming
modules within Microsoft Excel.
Simulations of vegetation dynamics using ASTROMOD were compared to actual vegetation
communities in the Astroni crater. These data were gathered during a detailed vegetation survey using
standard sampling techniques. The results show that the model is able to realistically simulate vegetation
distribution. Similar results were also found when ASTROMOD simulations were compared to
vegetation communities across temperate and Mediterranean bioclimates. However, ASTROMOD was
limited in that simulations of species composition and demography were not significantly correlated
with the Astroni survey data.
The potential applications of vegetation change predictions by ASTROMOD are for avifauna
conservation, fire management and climate change. The development of ASTROMOD is a significant
achievement in terms of the user-friendliness and cost-effectiveness of software for nature reserve
management decision support systems.
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1. Introduction
1.1 Ecosystem management for nature conservation
With the relatively recent exponential rise in die human population and the associated increase
in per capita consumption o f natural resources, the earth’s natural ecosystems have been reduced in
extent, fragmented and impoverished (Vitacchi, 1989). A small proportion of these areas that are
deemed to have retained most or part of their "naturalness" have been designated as nature reserves,
removed from the development stream for the main purposes of perpetuating natural conditions and the
conservation of biodiversity (McNaughton, 1989). Ecosystem management is the means by which those
purposes are realised. While no final definition exists, ecosystem management can be loosely defined as
the activities that maintain the productivity, biological diversity, and die self-organising capability of
nature within a selected area (Scolombe, 1993). The specific goals of ecosystem management can be
extremely diverse and sometimes contrasting (Wood, 1983). Morris (1971), Adams and Rose (1978),
Pyle (1980) and Grumbine (1994) cite the following goals:
1. to maintain viable populations of all native species in situ;
2. to represent, within protected areas, all native ecosystem types across their natural range of
variation;
3. to maintain evolutionary and ecological processes (i.e. disturbance regimes, successional stages,
hydrological processes, nutrient cycles, etc.) and in some cases reduce the effects of climatic and
hydrological change;
4. to manage over periods of time long enough to maintain the evolutionary potential of species
and ecosystems;
5. to remove or mitigate the effects of alien plants and animals;
6. to accommodate human use and occupation while at the same time deny excessive development
or extraction;
7. to repair and prevent vandalism, poaching, overuse, and other human impacts;
8. to intercept or diminish the effects of incompatible external influences such as air, water or
noise pollution;
9. to deal with indigenous disease, infestation and disturbance which would not be a problem on a
large reserve, but which could radically alter a small one;
10. to cope with the effects of past alterations - particularly soil changes - and the absence of key
species such as predators.
The management of a site in order to achieve the above goals can encompass a wide and
disparate range of activities including: direct physical intervention on the site (fire, mowing, grazing,
use of herbicides), regulation of visitor activities, environmental education, public relations, litigation,
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restoration of communities, reintroduction and the culling or transfer of individuals (Grumbine, 1994).
The complexity involved in integrating management objectives and the different techniques available to
achieve them sometimes obscure the fundamental issues that ought to be considered. Unfortunately,
many areas dedicated to the preservation of natural fauna and flora have witnessed a loss in diversity
principally as a result of mismanagement (Sutherland, 1995). Reality is such that most reserve
management situations are ruled by practical and economic considerations much more than by scientific
design. Sutherland (1995) attributes the majority of species losses within the United Kingdom to habitat
deterioration and relatively few as a result of site destruction through agriculture, afforestation, and
development, hi practice, most managers use very little ecological theory in making management
decisions, preferring practical experience instead. The experience based approach was, until recently,
the only realistic methodology for nature reserve management. In many cases the objective was to
continue historical management of sites utilising ancient techniques such as coppicing, which had
predictable results. Scientific theory was seen to be of only limited use. Take for example the theory of
island biogeography (MacArthur & Wilson, 1967), widely touted by the scientific community as a
fundamental tool for the selection and management of nature reserves (Diamond, 1975; Wilson &
Willis, 1975; Terborgh, 1976; Diamond & May, 1981; Simberloff & Abele, 1982; Wilcox & Murphy,
1985). In practice, this theory has rarely been used since factors such as land availability and cost, and
management for specific species, have been overriding in determining the selection and management of
nature reserves (Mader, 1984; Simberloff, 1985).
It is recognised, on the other hand, that an objective scientific foundation is necessary for
consensus and for effective decisions (Brunner & Clark, 1997). Of major concern is the short-term / rare
species approach to most management strategies (Hirons et al.y 1995). Too many management strategies
advocate the prioritisation of rare species while disregarding the need for an in-depth understanding of
die fundamental environmental processes that sustain the ecosystem in the first place (Ratcliffe, 1977;
Hirons et al., 1995). Nature reserve management need to adopt a more "holistic" strategy, taking into
account the whole of die environmental system, transcend artificial boundaries and incorporating higher
temporal and spatial scales. For example, managing for a few rare species in a reserve might be in vain
if future predictions of hydrological or climatic change are such that increasing resources have to be
channelled into their preservation. A "holistic" approach would allow these species to fluctuate in
population, acknowledging the fact that natural systems are intrinsically changeable. In some instances
it may be appropriate to allow a species to go locally extinct and favour the establishment of other more
adapted species. Suppression of change by management would be counterproductive even in
evolutionary terms, since this would reduce the effectiveness of natural selection (Wood, 1983). In the
long-term, a "holistic" approach may prove a significandy more rewarding strategy, both in terms of
species conservation and financial costing.
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1.2 New paradigms for ecosystem management
Emphasis should be directed towards long-term predictions of the ecosystems’ status so as to
avoid costly management activities which may prove futile in the future. Problems which may seem
trivial at the moment may become destructive over the long term, or vice versa, problems which seem
alarming at present may rectify themselves in time without human intervention. Our ability to predict
change within these ecosystems is therefore a fundamental prerequisite for their conservation.
In order to predict change one must have a thorough understanding of the mechanisms that
control ecosystem functioning and dynamics. Initial theories developed to interpret functioning and
dynamics were based on the equilibrium paradigm, where nature was assumed to maintain a
permanence of structure and function if left undisturbed (Clements, 1916). This paradigm has had an
overwhelming influence on the natural sciences, giving rise to the modem concepts of ecosystem steadystates, stability and homeostasis (McIntosh, 1980; 1985; DeAngelis & Waterhouse, 1987) in spite of
sustained criticism (e.g. Gleason, 1917; Elton, 1930; Andrewartha & Birch, 1954; Ehrlich & Birch,
1967). These concepts dominated ecological thinking up to the 1970’s, contributing to the development
of theories in community ecology (Williams, 1964; Slobodkin et a l, 1967), in biogeography (MacArthur
& Wilson, 1967) and in ecosystem functioning itself (Margalef, 1968; Odum, 1969). Most significantly,
the equilibrium paradigm has had a profound influence on nature conservation, with the implication that
ecosystems have evolved certain properties of self-regulation (Loucks, 1986).
Evidence supporting the equilibrium paradigm or concepts arising from it, such as island
biogeography theory (MacArthur & Wilson, 1967), are few and far between (Gilbert, 1980). The
equilibrium paradigm states that historical effects, spatial heterogeneity, stochastic factors and
environmental perturbations play a negligible role in ecosystem functioning and dynamics, while
research has repeatedly shown that all of these factors are fundamental in ecological systems (e.g.
Loucks, 1970; 1985; Holling, 1973; Levin & Paine, 1974; Steele, 1978; Chesson & Case, 1986). As a
result, there has been increasing support for alternative paradigms to interpret ecosystem functioning
and dynamics, including the non-equilibrium paradigms (Gleason, 1926; Odum & Odum, 1987; Savoy,
1988; Odum, 1989; Botkin, 1990) and the multiple-equilibria paradigms (Waddington, 1957; Naveh,
1987). None of these theories provide a satisfactory and all-encompassing paradigm for predicting
ecosystem functioning and dynamics (Wu & Loucks, 1995). A significant obstacle to the identification
of a satisfactory paradigm has been the inability to incorporate changes in ecosystem functioning and
dynamics across different spatial and temporal scales. For example, the same ecological process may be
transient or in a steady state depending on the scale of observation.
A new conceptual framework has been proposed to accommodate variations in scale, dispensing
with the attempt to categories ecosystems as in “equilibrium” or “non-equilibrium” or something inbetween. The paradigm of hierarchical patch dynamics

provides a framework for explicitly

incorporating scale while integrating aspects of equilibrium, non-equilibrium and multiple-equilibria
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systems (Wu & Loucks, 1995). At the same time, hierarchical patch dynamics avoids restrictive concepts
common in other modem paradigms such as the thermodynamic paradigm (Schneider & Kay, 1994) or
the network paradigm (Jorgensen, 1992) which rely on incomplete, non-representative variable sets or
are too abstract to be directly coupled with and validated by measured data. For example, the reduction
of ecosystem dynamics to energy flows (Hall, 1995), neglects fundamental ecosystem attributes such as
the qualities of nutrient transfers and community characteristics.
The hierarchical patch dynamics paradigm conceptualises ecological systems as nested
hierarchies of patch mosaics. A patch is defined as a spatial unit differing from its surroundings in
nature or appearance (Kotliar & Wiens, 1990). Depending on the scale, a patch may represent a
continent surrounded by oceans, a woodland surrounded by agricultural land or a tree-fall gap. These
patches can be defined in terms of size, shape, content, duration, structural complexity, boundary
characteristics and can be organism dependent (Wu & Loucks, 1995). For example, environmental
heterogeneity within a spatial unit will create different types of patches depending on whether the
organism under investigation is a mobile animal or a static plant. Vegetation patterns are the most
evident form of biotic patchiness and can provide die basis for patches at higher trophic levels (Wiens,
1976). Different causes and mechanisms operate on different spatial, temporal and organisational scales,
thus creating a hierarchical framework of patch determinants (Figure 1.1). For example, climatic
variables (primarily temperature and precipitation) are the most significant factors determining
vegetation pattern at the continental scale, whereas disturbance such as fires can create patches from the
local to the landscape scale. At an even higher resolution, it is species interactions such as competition
and predation, that can create patchiness (Delcourt & Delcourt, 1988; Wickham et a i, 1995).
The “hierarchical” part of the hierarchical patch dynamics paradigm has been developed so as
to order the spatial and temporal scales within which these patch forming mechanisms are functioning.
Hierarchy theory can be applied to complex systems whose structure can be subdivided. Thus, the
understanding of these systems can be enhanced by organising their sub-components into fewer, discrete
and interactive units at levels determined by differences in process rates (O’Neil et a l, 1986; Phillips,
1995). Process rates such as cycle time, response time or occurrence frequency, are fundamental
characteristics of most systems, while other features, such as boundaries and structural components, can
also be used to divide systems into sub-components. The hierarchy theory provides a framework for the
analysis of the general structure and mechanisms organising multispecies assemblages (Allen & Starr,
1982). Hierarchy theory postulates that components of an ecological entity existing at lower hierarchical
levels operate at higher frequencies or change at higher rates than components at hierarchical levels
above them. The principles of hierarchy theory can therefore assist in the resolution of the problem of
data integrity among the different scales, and the transposition of data between levels.
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Figure 1.1: Patch types in an ecological system (after Wu & Loucks, 1995).

The implications of the hierarchy patch-dynamics paradigm for the development of a system for
nature reserve management are manifold and in some aspect revolutionary. As opposed to more dated
management approaches developed from the equilibrium paradigm, the hierarchy patch dynamics
paradigm and its development (through non-equilibrium and multiple-equilibria paradigms) will give
rise to fundamental changes in ecosystem management. Thus, a system for ecosystem management that
has the hierarchical patch dynamics paradigm as its theoretical basis, should incorporate:
1. dynamic properties of an ecosystem, including the effects of disturbance;
2. all spatial scales, from the patch to the global perspective;
3. the effects of past land-use / environmental change on present ecosystem dynamics;
4. the ability to predict future ecosystem dynamics under different land-use / environmental change
scenarios.
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1.3 The development of a tool for ecosystem management
These advances in ecological theory and the resulting requirements for nature reserve managers
to consider increasingly complex scenarios, justifies the adoption of powerful technological tools to aid
in management decisions. Developments in computer technology are providing nature reserve managers
with an expanded suite of tools, including computer modelling for predicting ecosystem change, expert
systems to aid in the decision making process, and Geographical Information Systems (GIS) for the
analysis of spatial information. At the same time, individual nature reserve managers now have greater
access to large amounts of data as a result of the explosive growth of the World Wide Web and the vast
data-capturing ability of satellite remote sensing. These tools can be integrated to create Decision
Support Systems (DSS). Multimedia-based DSS have the ability to convey much more information to the
management process than paper-based systems such as those developed by the Ecology and
Conservation Unit, University College London (Wood & Heaton, 1976; Wood & Warren, 1978; Wood &
Hollis, 1982).
DSS have been developed for ecosystem management, specifically in die field of forest pest
control (Moore, 1989; Loh & Rykiel 1992; Power & Saarenmaa, 1993), forest wildfire behaviour (Zack
& Minnich, 1991), rangeland management (Ludwig, 1991) and catchment management (Richardson et
a l, 1994). To date, DSS that incorporate complex environmental and ecological interactions have not
been developed for nature reserve management.

1.4 Research objective
The aim of this research is to establish a framework for the development of a DSS for nature
reserve management, incorporating as far as possible the new ecological paradigms and advanced
technologies outlined above. The ability to recreate a “virtual” ecosystem of a nature reserve, simulating
changes in diversity, ecosystem health, and self-organisation, is a fundamental element of a DSS. Since
vegetation is the cornerstone of most terrestrial ecosystems, the principal component of a DSS should be
a model of vegetation dynamics. Thus, this research will concentrate on the development of a realistic
vegetation dynamics model for simulating vegetation distribution, composition and change over time.
This will also involve the development of environmental models which control vegetation process.
The modelling has to be in a format that will allow linkage to other tools that may aid nature
reserve management, for example, fauna distribution models and natural / anthropogenic disturbance
models. Tool development has to take into account the limited financial and temporal resources
available to most nature reserve managers and therefore should be functional with minimal resource
requirements. The tool has to assume that the reserve manager is not computer literate and therefore the
interface has to be as user-friendly as possible. Finally, the tool has to be easily adaptable to specific
nature reserves.
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1.5 Research site
The Astroni crater State Nature Reserve, Naples, Italy, has been selected as the study site
(Figure 1.2). Although a whole chapter (Chapter 3) is dedicated to the description o f the Astroni crater,
the following outlines the principal characteristics that make the crater ideal for this research. The
A stroni crater is an extinct volcano, located within the Campi Flegrei, Campania region, southern Italy.
The Astroni crater’s nature reserve occupies the inner slopes o f the crater. The reserve’s vegetation
presents a com plex zonation system characterised by a temperate deciduous com munity at the base o f the
crater and a M editerranean evergreen com munity on the slopes. The com munities are further sub
divided into natural and planted. Disturbances at various temporal and spatial scales present a further
differentiation, with the invasion o f alien species, particularly Robinia pseudoacacia and A ilanthus
altissima, adding a final level o f complexity. Its small size (247 hectares), insular characteristics (the
reserve is surrounded by urbanised and agricultural land), homogeneous geology, heterogeneous
environm ent, diverse and dynam ic vegetation com munities, m ake it ideal for fulfilling the research
objective. The presence within the crater o f both temperate and M editerranean com munities, implies
that the DSS strucmre and formulae may also have applications within a considerable range o f Fairopean
ecosystems.

Astroni

Figure 1.2: Location of study site within the southern Italian region of Campania.
The crater’s high ornithological diversity (over 120 bird species have been recorded w ithin the
crater), strategic importance (20 km north o f Naples, the largest city in southern Italy), impressive
volcanic landscape and fascinating history also makes it a m ajor focus o f conservation interest.
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1.6 Thesis structure
In order to understand the functioning and processes determining the Astroni crater’s
ecosystems, one must begin with an analysis of the Mediterranean biome within which these ecosystems
are situated. Chapter 2 will describe and analyse the Mediterranean biome and its determinants through
the hierarchical patch dynamics paradigm, including the influence of temporal and spatial variations in
ecosystem determinants. Chapter 3 will begin with presenting the Astroni crater and how it integrates
within the hierarchical patch dynamics description of the Mediterranean biome. This will be followed by
the current management issues concerning the reserve and the construction of a software “shell” for the
modelling. Chapter 4 will describe the development of a vegetation dynamics model, incorporating the
basic features of the hierarchical patch dynamics paradigm. Chapter 5 will outline the models developed
to supply the environmental data required by the vegetation dynamics model. Chapter 6, the final
chapter, will present the resulting simulations, together with a critical discussion of the modelling. The
chapter will conclude with potential applications of the modelling framework. All Latin nomenclature of
plant species within this thesis is according to Tutin et al. (1964-1980).
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2. Mediterranean Ecosystems
2.1 Introduction
The aim of this chapter is to develop a detailed classification of the processes and dynamics of
Mediterranean ecosystem determinants through the hierarchical patch dynamics paradigm. This
classification is essential for the production of a predictive model for the Astroni Crater since it will
identify the spatial and temporal scales at which ecosystem process and dynamics occur within the
reserve.
The Mediterranean region borders the enclosed Mediterranean Sea, spreading latitudinally from
about 30°N in Morocco and Israel to approximately 45°N in the Po Delta in Italy, and longitudinally
from 10°W in Portugal to 50°E in Iraq. The main environmental determinants which delimit the
geographical boundaries of Mediterranean ecosystems are summer drought stress and winter cold stress.
Drought, coinciding with the thermal maximum, is a general factor which shapes Mediterranean
ecosystems and gives them their particular characteristics: low dense forest or shrubs bearing
sclerophyllous leaves.
A characteristic aspect of the Mediterranean region is its heterogeneity i.e. that no one single
ecosystem can be considered as peculiar to the Mediterranean environment, a gradient of ecosystems
being its intrinsic feature. The Mediterranean Basin contains one of the world’s most diverse plant and
animal communities, incorporating elements of both the temperate and tropical zones (Zohary, 1972).
The flora includes 25,000 species, of which over 100 are trees (Qu6zel, 1976), while the region has 335
species of breeding birds as compared to 419 for the whole of Europe (Voous, 1960). The classic concept
was to consider garrigue, maquis, sclerophyllous oak forests with Quercus, Ceratonia, and Olea and
pine forests with Pinus halepensis, Pinus mesogeensis and Pinus pinea as the only typical
Mediterranean ecosystems (Rikli, 1943; Braun-Blanquet et a l, 1951). In fact, this concept has changed
considerably as currently Mediterranean ecosystems are considered to be those subject to a
Mediterranean bioclimate (Le Houerou, 1981). Also, disturbances of varying frequencies and intensities
linked to the action of man and herds, and to irregular natural phenomena (e.g. pests, wildfires) are,
among others, the essential historical factors defining the Mediterranean ecosystems today (Tomaselli,
1981).
For distinguishing and delimiting hierarchical units within which ecosystem determinants
function, cut-off points between hierarchical levels of both patterns and processes have had to be defined
subjectively. However, the error in defining these hierarchical levels should be outweighed by the
amount of information that is explained by imposing any level at all. Thus, a model of Mediterranean
ecosystems that could accurately predict patterns and process would partially validate the subjective
classification. Most significantly, a reliable indicator of model reliability has to be identified. Multiple
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scales of vegetative pattern have been observed in plant communities and these have been significantly
correlated to patterns in biotic and abiotic determinants (O’Neil et al., 1991). Of all living organisms,
plants contribute roughly 99% of the total biomass, and are the controlling elements in the food-chain
(Larcher, 1995). Mediterranean plant communities will therefore act as the basic unit for this
classification.
Two attempts of hierarchical ecosystem classification, with plant communities as their basis,
have been identified. The first example, initiated by Solbrig (1991), is based on the identification of
fundamental determinants of vegetation patterns. Solbrig (1991) developed a hierarchy model of world
savannas where these determinants were identified as, in order of decreasing spatial influence: plant
available moisture, plant available nutrients, fire, herbivory and anthropogenic factors. In this case, the
spatial units were denoted as region, landscape, catena and patch, but were not assigned strict spatial
limits. Klijn and De Haes (1994) on the other hand, preferred to develop a hierarchical ecosystem
classification that was dependent on indirect determinants which were commonly available in mapped
format (in order of decreasing spatial influence): climate, geology, groundwater, surface water, soil,
vegetation and fauna. Klijn and de Haes (1994) proposed a nomenclature to describe the spatial
influence of these determinants with strict spatial limits (in order of decreasing spatial scale) (Table
2.1): ecozone (> 6,250,000 ha), ecoprovince (250,000 - 6,550,000 ha), ecoregion (10,000 - 250,000 ha),
ecodistrict (625 - 10,000 ha), ecosection (25 - 625 ha), ecoseries (1.5 - 25 ha), ecotope (0.25 - 1.5 ha)
and ecoelement (< 0.25 ha). These units have been derived from North American and Central European
researchers which have developed, over time, relatively simple and unambiguous nomenclature and
spatial units suiting a range of ecological, geographical and geological classification schemes (Bailey,
1981; Omemik, 1987; Hughes & Larsen, 1988; Haase, 1989; Leser, 1991).

NOMECLATURE
Ecozone
Ecoprovince
Ecoregion
Ecodistrict
Ecosection
Ecoseries
Ecotope
Ecoelement

SPATIAL SCALE
> 6,250,000 ha
250,000 - 6,550,000 ha
10,000 - 250,000 ha
625 - 10,000 ha
25 - 625 ha
1.5 -25 ha
0.25 -1.5 ha
< 0.25 ha

Table 2.1: Spatial scale nomenclature used in hierarchical ecosystem determinants classification
(after Klijn and De Haes, 1994)

For the hierarchical classification of Mediterranean ecosystems and their environmental / biotic
determinants, a combination of the two techniques was used. The priority in this case has been to
provide a framework for the mechanistic modelling of Mediterranean ecosystems while at the same time
attempting to incorporate spatial information that is readily available. The spatial units proposed by
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Klijn and De Haes (1994) were adopted particularly because they could be used within a raster-based
GIS in this study (see Section 5.2). The vague spatial limits inherent in the Solbrig (1991) classification
could only be integrated within a GIS with great difficulty. On the other hand, there is a requirement for
the identification of a fundamental set of environmental / biotic determinants which could be used to
model plant community composition. Irradiation, temperature, water, nutrients and disturbance were
selected as the fundamental determinants of Mediterranean ecosystems since they have been frequently
used to model ecosystem dynamics and functioning (Botkin, 1993).
One conspicuous absence within the above classifications is concept of time cm ecosystem
process and functions, both in terms of scale and stochastic/deterministic events. Time is a fundamental
aspect of ecosystem processes and functioning since the relationship between landscape properties and
ecosystem determinants may change according to the time scale. For example, irradiation intensity on
the earth’s surface has several cyclical patterns acting at different temporal scales: the 24 hour cycle of
night and day, the yearly oscillation of the solar apex between the tropic of Capricorn and Cancer, 11
year cycles of sun-spots, and the 21,000, 40,000 and 100,00 year Milankovitch cycles (Milankovitch,
1941; Schneider & Mass, 1975; Woodward 1987). Each of these cycles has significant repercussions on
both the ecology and the landscape, from photoperiodism to glaciation / interglaciation cycles.

1

TIME SCALE
V

NOMECLATURE
Mega time-scale
Macro time-scale
Micro time-scale
Micro time-scale subunits:
Kilo-years
Centi-years
Deca-years
Years
Months
Days
Minutes
Seconds

> 104 to < 106 years
< 104 years
1000 years
100 years
10 years
1 year
1 month
1 day
1 minute
1 second

Table 2.2: Time scale nomenclature used in ecosystem determinants classification (after: Delcourt
etaLy 1983; Woodward, 1987; Dickinson, 1988).

For this study, a simple temporal scale is proposed based on the time domains used by Delcourt
et al. (1983) (Table 2.2): mega time-scale (> 106 years), macro time scale (> 104 to < 106 years), micro
time-scale (< 104 years). The micro time scale is further subdivided into seven time units which have
been identified to differentiate several key environmental and biotic processes, such as
micrometeorological processes and organism life-cycles (Woodward, 1987; Dickinson, 1988): kilo-years
(103 years), centi-years (102 years); deca-years (10 years), years, months, days, minutes and seconds. The
timing of events is also a factor that requires incorporation into a model of Mediterranean ecosystems.
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The occurrence of events may be deterministic (e.g. the transferral of solar energy to chemical energy in
photosynthesis), or stochastic (e.g. the death of an individual plant).
The following sections will begin by setting out the framework for the hierarchical patch
dynamics classification of Mediterranean ecosystem determinants. This is followed by a discussion of
Mediterranean landscape properties which influence the five fundamental ecosystem determinants: light,
temperature, water, nutrients and disturbance.

2.2 A

hierarchical

patch

dynamics

classification

of

Mediterranean ecosystem determinants
Before Mediterranean landscape properties and how they influence ecosystem determinants are
discussed in detail, it is essential to present a brief outline of how these factors are inter-related within
the hierarchical patch dynamics paradigm. Table 2.3 presents a classification of landscape properties
which control natural ecosystem in the Mediterranean i.e. assuming there is no anthropogenic
interference. These are air temperature, precipitation, solar irradiation, air mass movement,
biogeography, geology, topography, soil hydrology, soil nutrients, fire, massive soil movement,
vegetation dynamics, herbivory and disease. As with all classifications, there are always exceptions. The
rule of thumb has been to select the most important factors and the most obvious links between
landscape properties.
At the greatest spatial scale, climate patterns, particularly air temperature and precipitation,
differentiate the Mediterranean region from the northern temperate and southern tropical ecozones (Le
Hou6rou, 1981). The Mediterranean bioclimatic ecozone, characterised by hot dry summers and mild
wet winters, extends inland from the Mediterranean Sea’s coast except on its south-eastern shore where
the sea comes in direct contact with the Sahara Desert and therefore the region is too dry to be classified
as having a Mediterranean climate. Summer drought and minimum winter temperatures, have a
significant effect on plant species, especially at large spatial scales (Debazac, 1983). Precipitation and
temperature can determine floristic subdivision at lower spatial scales too, although their importance
becomes increasingly obscured by other factors, such as solar radiation. Solar radiation has the greatest
variation in temporal and spatial scale, and has both stochastic and deterministic aspects (Woodward,
1987). Although air mass movement and its properties rarely determines ecosystem processes directly,
its influence on radiation, temperature and precipitation means that it is an important factor in
controlling ecosystem dynamics and processes (Nahal, 1981). The stochastic effects of air mass
movement are relatively short-lived but can span from the ecoelement to the ecoprovince.
The historical geoclimatological factors that have controlled global species distributions i.e. the
biogeography of a species, can be considered significant at the ecoprovincial scale when analysing the
distribution of Mediterranean plant species. In the case of Mediterranean ecosystems, principally
subdividing species distribution zones into the eastern and western biogeographic regions (Di Castri,
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1981). Biogeographic forces controlling speciation can act over millions of years and are controlled by
die unpredictable nature of genetic mutations.

Landscape
Properties

Spatial
Range

Air
Temperature
Precipitation

1-8
1-7

Solar
Irradiation
Air Mass
Movement
Biogeography

1-8

Geology

2-4

Topography

5-8

Soil hydrology

7-8

Soil
nutrients
Fire

7-8

Massive soil
movement
Vegetation
Dynamics
Herbivory /
Disease

1-7
2

4-8
7-8
7-8
8

Temporal
Influence Influence
Influence Influence Influence
on
on
on
on
Range
on
(Deterministic Radiation Temperature Moisture Nutrients Disturbance
/ Stochastic)
I
D
I
D
3
(Det./St.)
D
I
D
3
(St.)
D
D
D
D
3
(Det./St.)
3e-3h
I
I
I
D
(St.)
1
(St.)
1
I
I
I
I
(Det.)
I
I
I
I
I
1-3
(Det./St.)
D
I
D
3d-3g
(Det.)
D
3d-3g
(Det.)
3g-3h
I
I
I
I
D
(Det.)
I
I
3e-3h
D
(Det./St.)
3c-3e
I
I
I
I
D
(St.)
3e-3h
I
I
D
(St.)

Table 2.3: The hierarchical relationship between ecosystem determinants and spatial scales within
the Mediterranean. Key to spatial range: 1 = ecozone; 2 = ecoprovince; 3 = ecoregion; 4 =
ecodistrict; 5 = ecosection; 6 = ecoseries; 7 = ecotope and 8 = eco-element. Key to temporal range:
1 = mega time-scale; 2 = macro time-scale; 3 = micro time-scale; 3a = kilo-years; 3b = centi-years;
3c = deca-years; 3d = years; 3e = months; 3f = days; 3g = minutes and 3h = seconds. Det. =
deterministic, St. = stochastic. D = direct influence on plant determinant, I = indirect influence on
plant determinant.

Geology is a differentiating factor at the ecoregional scale, with temporal variations in geology
usually occurring over the mega time-scale, even though there are exceptions such as volcanic eruptions
(Ambroggi, 1977). Topography is highly significant at all spatial scales below the ecoregional scale.
Temporal changes in topography can occur over millions of years (mega time-scale), such as in the
creation of mountain chains, or can occur overnight (micro time-scale), for example, as a result of
landslides (Gamer, 1968). Soil properties, such as hydrology and nutrients, have a very rapid reaction
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time and small spatial resolution, being significantly influenced by almost all of the factors listed above
(Killham, 1994). The stochastic effects of disturbance can range from the ecodistrict (such as major fires
and floods) to the ecoelement (such as animal herbivory) (Trabaud, 1981). Vegetation dynamics
becomes important at the ecotope scale, the spatial scale usually determined by the gap size created by
the death of a dominant individual (Botkin, 1993). The time-scale of vegetation dynamics is highly
correlated to the plant species’ life-span. For a tree species, this can be measured in deca-years.
Anthropogenic influence has had a drastic impact on Mediterranean ecosystems either directly
by increasing die frequency of disturbance or indirectly by modifying the climate (Whyte, 1961). This
has sometimes resulted in completely new species assemblages. Except for one factor, all die landscape
properties are still functioning at the same spatial and temporal scales. Species biogeography is die great
exception: new species can be introduced to a continent and can rapidly colonise vast areas, sometimes
even altering moisture and nutrient conditions of the ecosystem (Le Floc’h, 1991).
Thus, Mediterranean ecosystems are governed by a hierarchical system of landscape properties,
creating a patchy and dynamic distribution of the five major ecosystem determinants: light, temperature,
water, nutrients and disturbance. The following sections will analyse these landscape properties in
greater detail, including a description of the temporal and spatial scales at which they function, and the
adaptations of Mediterranean species to them.

2.3 Climate
The following description of climate within the Mediterranean is based on the actual
hierarchical arrangements o f climatic determinants. The climate within an area of a certain size results
from three main influences: atmospheric processes operating in a space of that size; the averaging of
climates of the next smaller scale; the overriding effect o f the environment provided by the next larger
scale’s climate.
One can therefore define climatic determinants in terms of a nested hierarchy: from the
‘microclimate’ of an ecoelement, ‘topoclimate’ of an ecosection, ‘mesoclimate’ of an ecoregion, the
‘synoptic climate’ of an ecozone and finally, to the ‘global climate’ of the planet Earth (Linacre, 1992).
For example, the time-averaged topoclimate of a valley depends on the local precipitation, solar
irradiation and temperature inversions, the various microclimates within the valley, and the regional
mesoclimate covering the valley and the adjacent localities. The typical temporal cyclic and reaction
periods within which these climatic spatial scales function are one year for the global climate (e.g. solar
heating, general circulation), 90 hours for the synoptic climate (e.g. anticyclone, depressional front), 4.2
hours for the mesoclimate (e.g. thunderstorm, gradient wind), one hour for the topoclimate (e.g. thermal
inversion), and 1.4 minutes for the microclimate (e.g. evaporation, net irradiance) (Mason, 1970;
Linacre, 1981).
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The following sub-sections will discuss the four principal climatic factors (solar radiation,
temperature, precipitation and air movement) that characterise the Mediterranean, their interaction and
the temporal and spatial scales at which they function.
2.3.1 Solar radiation
The Mediterranean region is characterised by intensive solar radiation, especially in summer
(Emberger, 1962). The solar radiation is the driving force for photosynthesis and plays an important role
in biophysical processes such as thermic and hydric equilibria both in the air and soil (Holland & Steyn,
1975; Gates, 1980; Kirkpatrick & Nunez, 1980; Davis et a l, 1992; Dubayah, 1992). Solar irradiation
intensity on the earth’s surface varies at several temporal scales. The shortest temporal variation is
determined by changes in atmospheric opacity, with clouds of varying density, height and transience
sometimes creating a patchy mosaic of solar irradiation intensities on the earth’s surface (Linacre,
1992). Other temporal scales include the day/night 24 hour cycle, the yearly oscillation between the
tropic of Capricorn and Cancer, and the cycles dependent on sun-spots that span over several decades
(Milankovitch, 1941; Schneider & Mass, 1975; Woodward 1987). Spatial heterogeneity in solar
irradiation is principally determined by latitude, topography and vegetation cover (Dubayah & Rich,
1995). Within the Mediterranean Basin, a one degree change in latitude results in an average total
annual irradiation change of 1.3 % (Furlan, 1977). From the ecodistrict scale downwards, topography
plays a major role in determining the amount of solar energy incident at a location on the Earth's
surface, with variability in elevation, slope, aspect, and shadowing, creating strong local gradients in
solar radiation (Dozier & Frew, 1990; Dubayah & Rich, 1995).
The reflective and absorptive properties of clouds exert a major influence on the solar
irradiation reaching the earth’s surface (Frederick & Steele, 1995). Estimating the influence of clouds is
extremely complex since clouds vary in horizontal and vertical distribution, have different reflective
properties depending on their composition and can form and travel across landscapes in short periods of
time. Under clear sky conditions, variability in solar illumination angle dominates the spatial variability
in radiation maps (Dubayah & Rich, 1995). For example, the percentage o f direct to total irradiance for
mid-latitude summer conditions, such as the Mediterranean, at sea-level is typically over 80 % (Moore et
al., 1993b). However, as the cloudiness or optical depth of the atmosphere increases, diffuse irradiance
becomes increasingly important, sometimes reaching 100 % of total irradiation reaching the earth’s
surface (Dubayah, 1992). Since rainfall and therefore cloudy skies in the Mediterranean are concentrated
in short bursts, with an average of over 100 sunny days a year, die area generally receives the majority of
radiation directly. The combined effects of mid-latitudinal location and low cloud cover results in one of
the highest irradiation levels of the globe, with yearly values achieving up to 7,300 MJ m‘2, in contrast to
the British Isles which rarely exceed 3,000 MJ m'2 (Anonymous, 1964).
At smaller scales below the ecoelement, vegetation distribution and density has a dominant role
in determining the amount of radiation that reaches the soil surface. The leaf area index (LAI) of the

27

vegetation in Mediterranean regions is commonly in the 1 to 2 range, increasing to 5 as the site water
balance becomes more favourable (Lossaint, 1973; Cody & Mooney, 1978; Miller et al., 1981). Gratani
(1993) found that in a Quercus ilex forest characterised by a 4.5 LAI, irradiation dropped to
approximately 35% and 5% of full sunlight in tree-fall gaps and below the canopy respectively.
All of these factors are intimately interlinked. The effects of topography and vegetation cover
are not independent of the sun’s position and atmospheric conditions. Variations in illumination angle
and optical depth will change both the magnitude and the type of topographic and vegetational effects
(Vardavas, 1987). The rapid changes in irradiation intensities, the multitude of parameters that need to
be considered, combined with the almost stochastic behaviour of some of them (e.g. cloud behaviour)
means that a mechanistic interpretation of irradiation effects on the environment is a complex process.
In such cases it is usual to consider factors such as temperature independently from irradiation. On the
other hand, the direct effects of irradiation on plants can be more easily interpreted. There are four main
areas within which irradiation is important for vegetation:
1. thermal effects', solar radiation provides die main energy input to plants, most of which is
converted to heat. It is not unusual for leaves exposed to direct sunlight to heat up 10 to 15°C above air
temperature (Gates, 1973). The direct warming effect of irradiation in Mediterranean ecosystems means
that plants are rarely limited by low temperatures in winter during the daytime, and photosynthesis is
able to progress in evergreen or summer-deciduous species (Qu6zel, 1981).
2. photosynthesis', the most important characteristic of plants is their ability to convert light
energy within the 380 and 710 nm spectral range into chemical energy by combining carbon dioxide and
water into a range of more complex organic molecules. This chemical energy is then used in the
synthesis and maintenance of plant structures. Photosynthetic rates are governed by complex interactions
involving water, temperature, nutrient availability and irradiation intensities (Jones, 1992). Generally,
the photosynthetic capacities of typical Mediterranean plant species are relatively low as a result of
nutrient scarcity, low winter temperatures and summer drought stress (Mooney, 1981). Thus, irradiation
is rarely a limiting factor for dominants plant species, even in winter. The high leaf density of a typical
evergreen Mediterranean canopy, on the other hand, results in a drastic reduction in light intensity as
one moves closer to the soil surface (Gratani, 1993). This is severely limiting to plant growth and most
of the sub-canopy in evergreen woodland is devoid of plants.
3. photomorphogenesis', although there are distinct fluctuations in day length between winter
and summer in die Mediterranean (10 to 17 hours respectively at 45° latitude, and 11 to 15 hours
respectively at 30° latitude), plants in the Mediterranean are generally not induced into leaf initiation by
photoperiodism on account of the unpredictable pattern of rainfall (Mooney & Dunn, 1970). Instead,
environmental factors such as soil moisture and air temperature become important (Baker et a l, 1982).
This is in direct contrast to the majority of temperate species where photoperiodism plays a dominant
role in leaf initiation (Larcher, 1995). Cessation of growth for Mediterranean species is hypothesised to
be regulated by both temperature and the photoperiod (Kramer, 1995). At smaller temporal scales, some
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Mediterranean species have a tendency towards vertical orientation of sun-leaves so as to reduce heat
loads during periods of drought and increase light penetration to lower regions of the canopy (Mooney et
al., 1974).
4.

mutagenesis: short-wave radiation, such as ultra-violet, can have damaging effects on the

genetic material of living cells (Larcher, 1995). Little is known about the significance of irradiation
mutagenesis on determining Mediterranean communities, but it is assumed that the protective structural
characteristics for drought stress, such as thick cuticles, may also protect plants from damaging
irradiation.
2.3.2 Air mass movement
Of particular significance to ecosystem processes is the direction, windspeed, temperature and
humidity of air masses. At the ecoprovincial scale, the air mass movements which determine the
temporal variation in Mediterranean rainfall and temperature are characterised by two principal
phenomena: winter depressions which bypass the Mediterranean area to the south in their advance from
Iceland to central Europe, and summer anticyclones from the Azores extending their influence to
southern Europe (Nahal, 1981). These gradient winds within the Mediterranean region are affected by
the mountainous terrain which can funnel the wind flow into the Basin, often creating higher wind
speeds that can reach gale or storm force strengths (Brody & Nestor, 1980). Levante (easterly winds)
and Westerly (westerly winds) flow through the Strait of Gibraltar and are channelled between the Sierra
Nevada Mountains in southern Spain and the Atlas Mountains in Morocco. Mistrals (north-west winds)
flow into the Mediterranean Sea from the south coast of France and are channelled through the gaps
between the Pyrenees Mountains, the Massif Central and the Alps. Bora-Adriatic Sea (north-northeast
winds) flow into the Adriatic Sea and are channelled through gaps within the Dinaric Alps. BoraAegean Sea (north-northeast winds) flow into the Aegean Sea and are channelled through the Rhodope
Mountains, the complex mountainous topography in Turkey and the Pindus Mountains in Greece.
Scirocco (southerly winds) flow into south central and south-eastern Mediterranean Sea from the desert
regions between Tunisia, Libya and Egypt. Sciroccos are the only winds not channelled by mountainous
topography (Kuciauskas et al., 1998).
Below the ecodistrict scale, surface air movement has several key roles in determining air
temperature, dispersal of animal and plant species, tree mortality and the spread of fires. Surface air
movement (defined in this case as occupying the layer from the soil surface to a height of 20 m) is
controlled by four factors (Linacre, 1992): gradient winds resulting from the pressure patterns of
anticyclone and depressional systems; earth-surface temperature differences leading to sea-breezes;
topographical effects which induces down-slope cold air drainage (katabatic movement) at night and upslope currents on surfaces facing the sun; atmospheric instability which causes thunderstorms.
In particular, katabatic air mass movements can play an important role in ecosystem zonations
at the ecosection scale. Katabatic movement of cold air during night time can significantly reduce air
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temperature in topographical depressions, sometimes resulting in a ‘temperature inversion’, where more
cold tolerant species grow at lower elevations. For example, Horvat et al. (1974) describe a site in
Croatia where Picea abies supplants Fagus sylvatica at die base of a doline, Picea abies being able to
tolerate lower temperatures.
2.3.3 Temperature and precipitation
At the ecozone scale, the Mediterranean climate can be broadly defined as a transitional regime
between temperate and dry tropical climates, characterised by a concentration o f rainfall in winter,
occurrence of a distinct summer drought of variable length, mild to hot summers, and cool to cold
winters with an absence of continental thermic excursion (Emberger, 1962).
At the ecoprovince scale, the climate within the Mediterranean basin is extremely varied, with
precipitation ranging from 100 mm to 2500 mm per annum and the mean January air temperature
minimum ranging from - 10°C to + 10°C (Le Hou6rou, 1981). Several classification schemes have been
carried out to distinguish between this variation, the most useful from an ecological point of view
derived from Emberger's bioclimatic classification (Emberger, 1930; 1955). He classified Mediterranean
climates according to the mean minimum of the coldest month and the pluviothermic quotient which
expresses the general aridity of the Mediterranean climate. This quotient is calculated by :

Equation 2.1

^
2000R
Q = ---- ~--------

M
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where, Q = pluviothermic quotient;
R = total annual rainfall (mm. y.'1);
M = mean maximum temperature for the hottest month (Kelvin);
m - mean minimum temperature for the coldest month (Kelvin),
In principle, the smaller the quotient, the drier the climate. Table 2.4 shows the classification of
Mediterranean ecoprovinces and the ‘{7 and ‘m’ gradients they cover. Other classifications of the
Mediterranean ecoprovinces have been carried out (Gaussen, 1954; Bagnouls & Gaussen, 1957;
UNESCO-FAO, 1963; Walter & Lieth, 1967; Di Castri, 1973), although Emberger's method seem to
reflect the ecological situation more accurately (Qu6zel, 1971).
Ecozonal and ecoprovincial classifications of the Mediterranean region are not sufficiently
accurate to take into account the effects of local changes in elevation and aspect. Microclimatic changes,
as low in spatial scale as the eco-element, may become more important than large-scale climatic factors
(Debazac, 1983). Microclimatic variations within short distances have been shown to radically affect the
vegetation type. Thrower and Bradbury (1977) recorded a thermic fluctuation between 5°C and 45°C at
2 cm below the soil surface on an equatorial-facing slope on a Mediterranean-climate site in central
Chile, while on pole-facing slopes temperatures only fluctuated between 10°C to 15°C. This resulted in
die development of completely different vegetation formations between the equatorial and pole-facing
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slopes. Thus continental like eco-element can coexist in close proximity to a sub-tropical eco-element
under a common Mediterranean ecozone.

PLUVIOMETRIC
QUOTIENT (0 )
20 to 30
(300 to 500 mm
rainfall / year)
30 to 50
(500 to 700 mm
rainfall / year)
50 to 90
(700 to 1000 mm
rainfall / year)
>90
(>1000 mm
rainfall / year)

Mean minimum temperature of the coldest month (m)
0 to 3°C
3 to 7°C
<-5°C
-5 to 0°C

> 7°C

arid
very cold

arid
cold

arid
cool

arid
temperate

arid
hot

semi-arid
very cold

semi-arid
cold

semi-arid
cool

semi-arid
temperate

semi-arid
hot

sub-humid
very cold

sub-humid
cold

sub-humid
cool

sub-humid
temperate

sub-humid
hot

humid
very cold

humid
cold

humid
cool

humid
temperate

humid
hot

Table 2.4: Mediterranean bioclimates as defined by Emberger (1930; 1955).

Another complicating factor in the influence of climate on Mediterranean vegetation is the
distribution of rainfall during the year. The Mediterranean climate is characterised by rainfall which
occurs in concentrated downpours, intense but infrequent, which contributes to reduce its effectiveness
for vegetation. Furthermore, in Mediterranean climates, as compared to temperate, there is great
variability in monthly and yearly rainfall from year to year (La Marche, 1974). This stochastic
irregularity in rainfall accentuates the severity of the Mediterranean climate. Inter-annual variation in
precipitation may deviate as much as 75% from the mean. The high variability of precipitation from year
to year makes it difficult to delimit geographical areas with climatic classifications. The transition from
a Mediterranean to a temperate ecozone, or from dry to wet ecoprovinces, is not usually a result of a
regular increase in rainfall. Baudi&re and Emberger (1959) point out that transitions take place by
chance events, that is, through the appearance from time to time, of wet years in a series of regular dry
years. When the frequency of wet years is greater than that of dry years, the ecozone has become
temperate. This transition is therefore not determined by regular and abundant summer rainfall, but
where the wet years are frequent enough to support a temperate community. The stochastic nature of
these climatic variations implies that the ecotonal boundaries are rarely stable.
2.3.3.1 The effects of drought and low winter temperatures on Mediterranean plant species
The fundamental ecophysiological differences between temperate and Mediterranean plants
species are drought resistance and frost hardiness. Drought resistance during the summer period
definitely appears to be a principal limiting factor to plant distribution in Mediterranean bioclimates
(Qu6zel, 1981). The heat generated by irradiation, both directly on the plant leaves and indirectly on the
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air mass, is the driving force for transpiration which allows the transferral of dissolved nutrients from
the root zone to the photosynthetically active regions (Larcher, 1995). The water potential differences
created between the air/plant surface and the plant/soil-water surface maintains a dynamic equilibrium
of upward water movement. If the potential differences becomes too great, usually by a lack of water in
the soil, then the ‘stream’ of water thorough the plant may break. This results in the formation of
‘emboli’ or air-bubbles in the xylem vessels, which may result in irreversible damage to the plant. Thus,
a good measure o f the stress plant individuals are subjected to during drought is the ‘plant water
potential’, measured in Pascals. In general, the limit of resistance to drought occurs when predawn
xylem/leaf potentials drop below -3.0 MPa for long periods (Terradas & Sav6, 1992). De Lillis and
Fontanella (1992) found that the lowest values of leaf water potential, between -3 and -5 MPa, were
reached during July and August for five Mediterranean species in a site in central Italy, whereas the leaf
water potential during the winter months never dropped below a value of -2 Mpa.
Among the thermal criteria, the major factors which seem to limit the northern and altitudinal
distribution of Mediterranean vegetation types are low winter temperatures (Nahal, 1981). The most
significant value has been observed to be the average minimum of die coldest month (m). By comparing
values of ‘m ’ for various weather stations around the Mediterranean, it seems that values of ‘m ’ equal or
less than 0°C are generally incompatible with the extensive development of Mediterranean plant
communities (Emberger, 1955). The absolute minimum temperatures do not seem to have any

appreciable influence on the distribution of these formations, probably as a result of the relatively high
day-time temperatures which generally follow them (Qu6zel, 1981). A very cold winter can be expected
every 10 to 12 years in Mediterranean climates (Larcher, 1981). Low temperatures also have specific
selective influences. Experiments on frost hardiness have enabled a classification of Mediterranean
evergreen trees and shrubs based on frost damage to leaves. For example, damage to some
Mediterranean species has been found to occur at the following temperatures: Ceratonia siliqua, -7°C;
Myrtus communis and Nerium oleander, -8°C; Quercus suber, Quercus coccifera and Rhamnus
alatemus, -11°C; Quercus ilex, -15°C; Phillyrea media, -16°C (Larcher & Mair, 1969, Loissant &
Rapp, 1971).
Of significant importance, and often overlooked, is the effect of low temperatures on drought
stress. In some instances, both drought and low temperature stress can occur at the same time. Low soil
water content may be exacerbated in winter by a combination of a decrease in water absorption as a
result of increased water viscosity, a decreased root cell membrane permeability, and a reduced root
extension and root metabolism (Tranquillini, 1982; Terradas & Sav6, 1992). Sala et al. (1990) found
predawn xylem water potential values for Quercus ilex in winter under -4.0 MPa. In consequence, it has
been hypothesised that the distribution of certain Mediterranean species, such as Quercus ilex, may not
by limited by the direct effect of low temperatures, but by the indirect effects of low temperatures on
winter drought stress (Sav6 et al., 1988).
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2.3.3.2 Adaptations of Mediterranean species to drought and low winter temperature
a. Physiological and structural adaptations
There are two mechanisms that are fundamental in the adaptation of plants to Mediterranean
conditions: structural and physiological control. The majority of adaptations to these conditions are
concentrated in the plant’s water transport for the prevention of emboli. One can distinguish a gradient
of structural adaptation in water vessel structure as one goes from the cold temperate to the warm
Mediterranean climate. Deciduous species, which generally have efficient water conduction, can
maintain high rates of photosynthesis and so shade out competitors as a result of more rapid and
sustained growth (Jarvis, 1981). This advantage is lost in seasonally dry climates. Average maximum
values for net photosynthesis under optimum conditions are 15-35 mg C 02 dm'2 h r'1 for deciduous trees
and 10-18 mg C 02 dm'2 hr'1 for evergreen trees (Larcher, 1981). In cold temperate climates, freezing
induces embolism in large vessels and photosynthesis ceases with the disruption of the water supply to
the leaves. Thus, it is more efficient to lose leaves during the winter.
Despite the winter break, deciduous species can make full use of the optimal conditions during
the growing season, and so gain a competitive advantage over evergreen species. In milder climates, the
xylem structure of evergreen species is less susceptible to embolism, and appreciable assimilation can
continue even through the winter. Thus, broad-leaved evergreens have the advantage only in more
limiting climates such as the Mediterranean where year-round production is possible (Jarvis & Leverenz,
1983). The air temperature range where net photosynthesis occurs in sclerophyllous plants of warm
temperate climates is estimated to he between 15°C and 35°C, with the temperature for maximal
photosynthesis is estimated to be 25°C (Larcher & Tisi, 1990). Gratani (1996) showed that for Quercus
ilex plants on a site in central Italy, net photosynthesis and stomatal conductance increased in spring
with rising leaf temperatures until 25°C was reached at the end of May, while a decrease was noted
when leaf temperature was above 30°C in summer and below 17°C in autumn.
As a result of the physiological control of transpiration, plants can influence water exchange
with the surrounding environment. During periods of drought Mediterranean species drastically lower
water loss through transpiring surfaces by increasing leaf xeromorphism (Orshan, 1964; Montenegro et
al., 1980). Sclerophyllous species generally have small, heavily cutinised leaves with a low surface to
volume ratio for protection from high fight intensities and water deficit (Kummerow, 1973). The
stomata are generally enclosed in pits or grooves on the lower surfaces, the openings being further
protected by hairs or waxes (Grieve & Hellmuth, 1970). Although the number of stomata is unusually
high, 1000 mm'2 compared with 100 mm'2 in succulents, they are comparatively small (1-2 fjm) and
stomatal diffusion occurs over less than 0.5% o f the leaf area (Larcher, 1981). This leaf structure,
combined with the canopy organisation and deep root system help to minimise drought stress.
Adaptation to drought in evergreen Mediterranean species such as Quercus ilex is evident from
transpiration rates which are much lower than those of winter deciduous trees, and only slightly higher

33

than those of conifers. For example, Quercus ilex showed a cuticular transpiration rate not exceeding
3% of the maximum total transpiration rate, compared to a value of 34% for the deciduous species
Quercus pubescens (Larcher, 1960). Terradas and Sav6 (1992) also found that leaf structure and
physiology in Quercus ilex varies along a vertical canopy profile, the uppermost leaves (sun leaves)
having a marked sclerophyllous nature. Stomatal density, leaf hairiness and specific leaf weight all
decreased down through the canopy. During daytime in the summer, stomatal conductance in the sun
leaves decreased at midday, when evaporative demand is at its maximum, while a peak of conductance
was found in the subcanopy layers. Water saturation deficit during the day was almost always lower
within the canopy than at the top, and xylem potential increased with decreasing height in the canopy.
Thus, sun leaves have morphological and functional adaptations which act to increase stress resistance
and maintain the other leaves in the canopy in a less stressed state, under shady conditions. Larcher
(1960) found that for Quercus ilex a water saturation deficit of 8% was the optimal value for C 02
absorption and transpiration, and 17% as the limit for absolute stomatal closure. Maximum water use
efficiency was estimated for water saturation deficits of 12.5% while a water saturation deficit over 37%
resulted in irreversible damage.
b. Phenological adaptations
An analysis of the phenomorphology of Mediterranean tree species will show how these species
exploit the environmental resources for growth and reproductive activities which underpin the structure
and evolution of the Mediterranean ecosystems. There are distinct annual growth rhythms within
Mediterranean vegetation types, limited by a variety of environmental and phytosociological constraints.
The main annual period of growth is spring from about March to May, i.e. before water deficit could
limit photosynthesis and respiration (Oechel et al., 1981; De Lillis & Fontanella, 1992). As opposed to
temperate deciduous species, Mediterranean evergreen species are able to take advantage of favourable
environmental conditions throughout the year. In a study comparing the growth strategy after coppicing
of two evergreen Mediterranean species (Quercus ilex and Phillyrea latifolia) and a deciduous subMediterranean species {Fraxinus omus), it was found that Quercus ilex and Phillyrea latifolia utilised
any summer and autumn rainfall to prolong spring's growth, whereas Fraxinus omus had only the
spring flush. Thus, annual growth for the deciduous species was strongly conditioned by the autumnwinter rainfall while die evergreen species could take advantage of soil-water availability throughout the
year (Giovannini et a l, 1992).
Air temperature has been found to be the best environmental signal for the optimal timing of
the onset of growth (Hakkines & Hari, 1988). High growth rates in May-June cause leaves to reach about
90% of their definitive size and structure before the period o f drought stress, ensuring that leaf
expansion (the time of greatest nutritional demand) is not adversely affected (Gratani, 1996). Most
species reduce or cease all vegetative activities during the summer drought (Arianoutsou &
Diamantopolous, 1985; De Lillis & Fontanella, 1992). Two extreme responses may be identified from
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the ‘continuum’ of adaptive strategies developed to cope with drought in summer. First, a droughtavoidance strategy, as demonstrated by species which shed their leaves in summer, and second, a
drought-tolerance strategy, as demonstrated by species that do not completely stop growing during the
dry season (Montenegro, 1987; Orshan et al., 1988). Vegetative activity recommences in autumn
although brief on account of the lower air temperatures and shorter photoperiod (Gratani, 1996).
The dominant trees of Mediterranean forests reproduce from seeds, although asexual
reproduction by resprouting shoots allows the non-coniferous species to persist after disturbance from
felling and fire (Naveh, 1975). Flowering generally occurs during periods that are favourable for growth,
either in early spring, or for a few species such as Arbutus unedo and Ceratonia siliqua, in autumn. The
fruit usually ripens in the autumn of the same year. Quercus coccifera is an exception in that its acorns
take two years to mature. Seed dormancy is generally imposed by cold winter temperatures and/or lack of
humidity, with germination occurring in early spring in the favourable soil moisture and temperature
conditions (Skordilis & Thanos, 1995).

2.4 Biogeography
The time-scale involved in the natural creation of barriers to species migration and consequent
speciation, means that an in-depth investigation of Mediterranean biogeography would not be relevant to
the purposes of this research. However, a brief description is given so as to complete the hierarchical
patch dynamics classification of the Mediterranean biome.
The Mediterranean is very young in geological terms and most taxa present within the region
existed prior to the establishment of a Mediterranean-type climate (Di Castri, 1981). From fossil
evidence, the woody Mediterranean flora evolved from both the warm and wet Neotropical Tertiary
geoflora (fossil flora) and, to a lesser extent, from the cold temperate Arctic Tertiary geoflora in the north
(Axelrod, 1975). The evolution was principally in the direction of sub-humid to semi-arid conditions at
the temperate/tropical ecotonal boundary, with aridity probably occurring during the winter season as
opposed to summer aridity characteristic of the present Mediterranean climate (Solbrig et al., 1977). The
first true Mediterranean-type climate in the region is hypothesised to have appeared in the Pleistocene
after the first major glaciation (Axelrod, 1975). Thus, the taxa which depend on summer rainfall were
unable to persist and were gradually eliminated, while taxa which were pre-adapted to aridity and could
thrive during the cooler seasons were able to survive the transition from winter to summer aridity (Di
Castri, 1981). A large number of taxa also evolved during the Pleistocene in response to the new
Mediterranean conditions. This was particularly the case for the annual and herbaceous flora, and a few
genera of woody plants (e.g. Cistus) (Raven, 1973).
It must also be emphasised that the diversity of species within the Mediterranean has also been
determined by physical barriers (the Mediterranean Sea and the mountain chains that surround the basin)
preventing species migration (Di Castri, 1973). This fragmentation of the landscape has resulted
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in the development of a high degree of speciation and endemism within the Mediterranean. For example,
Greece contains more than 1,000 species of flowering plants (Conacher & Sala, 1998).

2.5 Geology and topography
The Mediterranean Basin is surrounded by nine major mountain systems: the Alps, the Pyrenees,
the Apennines, the Dinaric Alps, the Caucasus, the Anatolian Mountains, the mountains of Lebanon, the
Atlas Mountains, and the Spanish Cordillera. These mountain systems originate from the collision in the
late Tertiary and early Quaternary between the African and European tectonic plates which have raised
and folded enormous sedimentary deposits and older ancient rocks (Stanley & Wezel, 1985). In some
areas, these geological movements have resulted in volcanic activity, some still active today (e.g. Etna,
Vesuvius, Stromboli and Campi Flegrei in southern Italy).
Apart from the volcanic emissions, most of the Mediterranean littoral is therefore formed by
sedimentary rocks and alluvial deposits. These first and second order landforms, predominant at ecozonal
to ecoregional scales, give way to third order relief forms below the ecoregional scale such as valley, hill
slopes, and depositional features which are determined principally by climate, lithology and ground cover
(Gamer, 1968). Concentrated precipitation and the resulting high runoff has resulted in a predominance
of steep slopes and angular forms, where rilling, gullying and sheet wash are accelerated on steeper
slopes (Conacher & Sala, 1998). Desiccation cracks formed during summer drought can also lead to
extreme dissection of slopes, resulting in steep ravines and narrow, unstable interfluves (Paskoff, 1973).
In addition to the typical landscapes dominated by rugged topography dissected and deeply
entrenched by ephemeral streams, related forms of coarse detritic alluvial fans are a common feature at
the foothill of the Mediterranean mountainous terrain (Bradbury, 1981). The majority of these alluvial
fans are restricted to a narrow strip on the coast. The few exceptions are the large alluvial plains of the
Ebro, Rhone and Po.

2.6 Soils
Soils are composed of mineral material, the roots of plants, microbial and animal biomass,
organic matter in various states of decay, water and several gases. The heterogeneous distribution of these
components combined with variations in the soil structure and depth, contribute to extremely diverse soil
properties. The principal soil properties which determine the overlying vegetation include water-holding
capacity, pH, nutrient supply and aeration (Killham, 1994). Since soil properties are governed by a
multitude of factors, including climate, parent material, topography, hydrology, soil fauna and vegetation,
it is rare to encounter areas with homogenous soil properties at scales greater than the ecosection. In
particular, the marked seasonal contrast of the Mediterranean climate results in a reduced
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profile development with a tendency for soil development to decrease with elevation (Butzer, 1976).
Thus, in any terrain that is not flat, soil characteristics will change very rapidly.
On a broad scale, one could classify most Mediterranean soils as ferralitic, being principally
composed of highly weathered clays on sedimentary bedrock, with iron oxide impurities which give the
soil a characteristic red tint (Duchaufour, 1970). Ferralitic soils are usually associated with old and
stable geomorphic surfaces, mainly from the Tertiary period (Polunin & Walters, 1985). Typical
ferralitic soils of the Mediterranean basin are red soils (“terra rossa”) found in the most humid regions
(average precipitation of 500 mm yr'1) and are generally neutral or acid (Bradbury, 1981). These soils
are found principally in the mountainous areas and on the uplands of southern Portugal, Languedoc,
southern Provence, Greece, western and southern Turkey, and in the lowlands of Portugal, Spain,
Languedoc, south-eastern Italy and western Turkey. The extremely slow evolution of ferralitic soils,
which may be measured in tens of thousands of years, explains their absence from the more recent
eroding surfaces of the Mediterranean (Mairota et a l, 1998).
Other Mediterranean soils, principally found on the higher elevations (>500 m above sea level),
include brown soils (.xeralfs), which are formed either on calcareous or on granitic bedrock, clays, Flysch
deposits, sandstone and crystalline metamorphic rocks (Bradbury, 1981). These soils have a friable
humus layer, are neutral to slightly acidic, well-drained, with medium permeability (Mairota et al.,
1998). They are found in the mountainous regions and on the uplands and hills of southern Portugal,
central Spain, southern Italy, Sicily, Sardinia and Greece (Polunin & Walters, 1985). Grey-brown
podzolic soils are formed in areas experiencing higher precipitation and cooler temperatures (Mairota et
al., 1998), and are commonly found in the Ebro basin, around Saragossa and along the Tarragona coast
of Spain (Polunin & Walters, 1985). They usually develop under coniferous forest or heathland, and
have a high organic matter content which results in acidity and low fertility (Archibold, 1995). Recent
alluvial soils (/Invents) occupy the flat parts of the large valleys such as the Po floodplain (Polunin &
Walters, 1985). These soils are highly fertile and mostly under cultivation (Mairota et al., 1998). Saline
soils occur in close proximity to the coast, where ancient sea-sediments become exposed or where
upward movement of saline water via capillary action is not balanced by water percolation (Mairota et
a l, 1998). Areas affected by saline soils include Spain, Greece, and Turkey (Polunin & Walters, 1985).
Raw soils, which include regosols, are restricted to coasts in the form of sand dunes, particularly along
the Spanish, Sardinian and Italian Adriatic coasts, or are found in highly eroded areas where the
bedrock is exposed (lithosols) (Polunin & Walters, 1985; Archibold, 1995; Mairota et a l, 1998).
2.6.1 Soil hydrology
The governing factors which control soil hydrology apart from the climate are the soil’s parent
material, topography, soil structure and depth, and vegetation cover (Ward & Robinson, 1990). The
parent material can have an indirect effect on vegetation composition by influencing the water supply of
the soil (Price, 1985). Porous bedrock, such as limestone, readily absorbs water which is stored in deep
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aquifers, whereas non-porous matter, such as granites, promotes overland flow of water. Water can be
released in springs when the up-slope porous bedrock meets down-slope non-porous bedrock (Todd,
1980). The influence of the water reserves of the soil and sub-soil is the more important the more arid
the climate is. Permeable bedrock which stores water safe from evaporation can contribute largely to the
water supply of arborescent elements of the plant community in the Mediterranean. Nahal (1974) has
shown that in the hydrophilic forests of Quercus pseudocerris in Syria, water available in the soil ranges
from 50 to 90 mm ha'1, whereas the water available in the bedrock itself varies between 135 and 167
mm ha'1. Thus, some deep rooted species are able to draw on moisture reserves throughout the year
unaffected by soil-water status (Burk, 1978). Another effect of bedrock is its effects on die thermal
balance. At the northern boundaries of the Mediterranean, vegetation reaches higher altitudes on
calcareous substrates than on metamorphic substrates as a result of the higher capacity for heat retention
(Qu6zel, 1981).
The effects of relief on soil properties can be direct, by controlling water drainage, or indirect,
by controlling erosion rates. Steep slopes allow water to drain rapidly down-slope and increases the rates
of erosion (Conacher & Sala, 1998). This generally results in dryer, thinner soils in steep areas
compared to the flat areas which hold a greater amount of water per unit area. As a result, at the climatic
margins of the Mediterranean region, areas with eroded or very degraded soils may be unfavourable to
the development of hygrophyllous vegetation communities, while in stable areas with deep soils, this
community would be favoured (Qu6zel, 1981). In areas where relief results in poor drainage, such as flat
marshland, soils become waterlogged. Too much water in the soil has negative effects on tree growth,
principally because water-saturated soil lacks oxygen that is necessary for root tissue respiration
(Larcher, 1995). Cessation of root growth has several effects. The uptake of chemical elements takes
place at the growing actively metabolising ends of roots, thus, a lack of oxygen suppresses nutrient
uptake (Killham, 1994). Suppression of growth also renders roots more vulnerable to fungal or bacterial
diseases (Vancura & Kune, 1989). Trees with a poor root structure are more vulnerable to physical
damage from wind (Russell, 1973). Water logging also reduces decomposition of organic matter,
resulting in acidification and nutrient de-pauperisation o f the soil (Etherington, 1975).
The vegetation cover has a significant role in controlling soil hydrology. Vegetation is a
transfer zone between the atmosphere and the soil, for both precipitation and evapotranspiration.
Rainfall can reach the soil either as throughfall or by stemflow i.e. water caught by the vegetation which
makes its way along the branches and die main stem down to the ground. A proportion of rainfall may
never reach the ground. Measurements in a Quercus ilex stand found that up to 35% of rainfall may be
lost by interception (FAO, 1962). Measurements made by Rapp and Romane (1968) in a 150-year-old
Quercus ilex stand gave the following annual means: throughfall, 65%; stemflow, 4%; and interception,
30%. The ratio between throughfall, stemflow and interception was found to vary considerably
according to the intensity and duration of each precipitation period. Rainfall of less than 2 mm, for
example, produced no throughfall at all. When this minimum was exceeded, the relationship between
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the total amount of rainfall above the canopy and the throughfall was found to be linear as was the
relationship between the total amount of rainfall and stemflow. Water reaching the soil may either
infiltrate or run off the soil surface depending on the infiltration capacity of the soil, and intensity and
duration of rainfall. Under the same Quercus ilex stand, the soil infiltration capacity was estimated at
2.5 mm m iri1, making runoff a rare event.
2.6.2 Soil nutrients and pH
Although water shortage during the warm season of Mediterranean climates is the most
important limiting factor, nutrient availability still plays a significant role in plant growth (Di Castri et
a l, 1981). The deficiency o f nitrogen and other nutrients in many Mediterranean soils could account for
the large number of nitrogen-fixing species and mycorrhizal infections (Di Castri et al., 1981). The
evolutionary relationship between nutrient-poor soils and the evergreen and sclerophyllous habit
displayed by dominant plant species in many Mediterranean ecosystems is well documented (Kruger et
a l, 1983). The relevance of nutrient availability in the present dynamics of these ecosystems is shown by
the strong response of Californian chaparral species to nitrogen fertilisation (Hellmers et a l, 1955;
McMaster et a l, 1982) and the increased growth of Quercus ilex in dense coppices after addition of
NPK fertiliser (Cartan Son et a l, 1992). Drought may also limit nutrient availability to plants. Low leaf
water potentials were correlated to low values of leaf nitrogen concentrations, showing that nutrient
uptake is strongly correlated with transpiration rates (De Lillis and Fontanella, 1992).
Plants require a large number of nutrients which are either derived directly from chemical
breakdown of mineral matter or recycled through the decomposition of organic matter. A very small
proportion (less than 0.2 %) of mineral nutrients are available for absorption by plant roots while the
remainder is bound in organic detritus, humus and inorganic compounds (Larcher, 1995). Soil organic
matter plays a fundamental role in the dynamic equilibrium of plant available nutrients in the soil by
improving soil structure, aiding water retention and supplying up to 95% of phosphorous, nitrates and
sulphates necessary for plant growth (Killham, 1994). Organic matter constitute a nutrient reserve
which is released depending on the environmental, chemical and structural conditions of the soil.
The principal nutrient elements essential for plant growth are nitrogen, phosphorous, sulphur,
potassium, calcium and magnesium, while trace amounts o f iron, manganese, zinc, copper,
molybdenum, barium and chlorine also play an important role (Larcher, 1995). Among all the nutrients,
nitrogen is especially important. Nitrogen availability often limits production in Mediterranean
ecosystems (Nadelhoffer et a l, 1985; Kimmins, 1987; Pastor et a l 1984). Effects of varying nitrogen
supply rates can reverberate through virtually every aspect of ecosystem functioning, such as plant
growth, competition outcomes,

anti-herbivore defences,

foliar retranslocation, litter quality,

decomposition rates, microbial immobilisation, nitrification, nitrate leaching from the soil, and the
capacity for regeneration after disturbance (Mahendrappa et a l, 1986). An analysis of the dynamics of
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this nutrient is therefore essential for understanding the rate of productivity within Mediterranean
ecosystems.
Nutrient availability in the Mediterranean regions is limited by the effects of summer drought on
both the decomposer organisms and the ability of roots to take up soil nutrients (De Lillis and Fontanella,
1992). Many Mediterranean plants produce litter that is low in nitrogen and high in lignin, delaying the
release of nitrogen from decomposing plant matter (Di Castri, 1981). On the other hand, warm
temperatures and wetting/drying cycles act to speed up decomposition and nutrient release (Birch, 1958).
Bonilla and Roda (1992) estimated an uptake of 91 kg N ha'1 yr'1 in a woodland dominated by Quercus
ilex. Gok^eoglu (1988) compared nitrogen mineralisation rates using field incubation methods between
grasslands, Quercus coccifera shrub and Pinus brutia forest communities on volcanic soils in the Aegean
region and found average values of 75 kg N ha"1 yr'1 for the grassland, 66 kg N ha'1 yr'1 for the shrub
community and 28 g kg N ha'1yr'1 for the coniferous forest. Lossaint (1973) and Rapp (1983) found the
following nitrogen uptake rates in vegetation growing on calcareous soils of southern France: 46 kg N ha'
1yr'1 for Quercus ilex forest, 29 kg N ha'1 yr'1 for Quercus coccifera shrub and 32 kg N ha'1yr'1 for Pinus
halepensis forest. These values indicate that, although nitrogen availability varies according to vegetation
type and environmental conditions, it is not always limiting in Mediterranean forests and is sometimes
comparable to temperate forests. A significant factor which may aide in limiting nutrient loss in some
Mediterranean ecosystems is the reduction in soil nutrient leaching, since the infiltration-percolation
period is shorter than the period of high evapotranspiration when compared to temperate ecosystems.
Nutrient losses may also be reduced by the slow-release of water-soluble nutrients from the evergreencanopy and by the slow rate of decay of the sclerophyllous leaves (Archibold, 1995).
Soil pH could be a locally significant factor in determining vegetation communities. Soil pH is
determined by the concentration of hydrogen ions, a high concentration indicating acidity. The majority
of plants tolerate a soil pH ranging from 3.5 to 8.5, and most of plant species have no strict requirements
with regard to soil pH (Larcher, 1995). For example, most Mediterranean pines can grow on almost all
the different substrates present within the Mediterranean, even able to grow on rock which is fissured or
broken on the surface (Quezel, 1977). However, Abbate et al. (1989) found that Quercus suber and some
Erica species do not tolerate soil pH values above 7. Quercus frainetto was also found to favour acid
siliceous substrata. Quercus pubescens, on the other hand, is particularly abundant on calcareous soils
(Polunin & Walters, 1985).
There are three principal factors that affect soil pH: soil hydrology, soil parent material and
vegetation cover (Larcher, 1995). Extensive leaching of positively charged cations as a result of
persistent precipitation may result in an increase in soil acidity. In dry regions, these cations are not
leached and are therefore able to accumulate in the soil. As a result, most Mediterranean soils are neutral
or slightly alkali (Di Castri, 1981). The type of parent material from which the soil develops, principally
quartz, silicate and limestone, also affects the soil pH. This can directly influence the type of vegetation
that develops on the soil, with quartz deposits releasing few cations, generally resulting in
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acidic soils, and limestone deposits, composed of a higher concentration of cations such as calcium,
resulting in alkaline soils (Larcher, 1995). Plant species composition can also affect the soil pH,
especially coniferous species which release acids from their decomposing leaves. The low soil pH
resulting from coniferous species cover may result in the impoverishment of the soil nutrient status as
nutrients are leached from the soil. Cole (1981), for example, found an average value of 75 kg N ha'1yr'1
for deciduous forests and 47 kg N ha'1 yr'1 for coniferous forests growing in adjacent areas on the same
substrate.

2.7 Disturbance
Disturbance is an integral part of vegetation dynamics within the Mediterranean region. In this
case disturbance is defined as any activity that will result in rapid death of living plant biomass. This
definition allows for the inclusion of all the common disturbance forces within die Mediterranean,
including fire, herbivory, disease, earthquakes, volcanic activity, landslides, windthrow and flooding.
These factors act over a disparate spatial range, from herbivory which may remove individual leaves of a
plant, to volcanic activity which may cover a whole region in ash deposits.
2.7.1 Fire
The Mediterranean environment greatly favours the spread of fire (Trabaud, 1981). A wet, mild
autumn, winter and spring allows the rapid accumulation of biomass which is subsequently desiccated
by an extended period of drought and high temperatures over the summer period. High wind velocities,
particularly along the extended coastline of the Mediterranean, and the flammability of the many
Mediterranean species allow fire to spread rapidly. Although material over 20 mm in diameter is rarely
consumed, the foliage and smaller stems bum readily which results in considerable changes in the
distribution of nutrients within the ecosystem. The average fire frequency in the woodlands of southern
France is 25 years, and in other part of the Mediterranean basin the vegetation bums about every 10
years, mostly as a result of anthropogenic use (Le Hou6rou, 1974).
Although measurements of fire temperatures within Mediterranean ecosystems have reached
values of 1,100°C (Trabaud, 1981), species of sclerophyllous communities have developed several
survival strategies. Since soil temperatures are not greatly affected below depth of 5 cm, there is little
damage to subterranean organs. Thus some species produce subterranean stems (e.g. Quercus
calliprinos) or readily produce shoots from the surviving stumps (e.g. Quercus ilex and Arbutus unedo).
L6pez-Soria and Castell (1992) measured the proportion of individuals resprouting after damage by fire.
Species with the highest mean survival values were Quercus ilex (88%), Phillyrea latifolia (86%) and
Viburnum tinus (86%), all having resprouts emerging from the root crown. These were followed by
Arbutus unedo (75%), Pistacia lentiscus (73%), Erica arborea (77%), Erica multiflora (57%), and
Juniperus oxycedrus (55%). This last group had resprouts from lignotubers or burls. Other species, such
as Quercus suber, have thick bark that prevent penetration of heat (Naveh, 1974; Trabaud, 1981). Some
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species have evolved fire-dependent seed mechanisms. Since most conifers do not have protective
mechanisms against intense fires, they can only persist by regeneration from seed (Archibold, 1995).
Pinus halepensis in particular is highly adapted to fire-induced regeneration since the seeds are released
from serotinous cones by the heat of the fire. Seed fall therefore coincides with the temporary removal of
the dense shrub cover and the improved nutrient status of the ash-covered soil, allowing Pinus
halepensis to readily colonise areas after fire.
The effect of fire on vegetation is highly dependent on its intensity. Intense fires result in high
rates of erosion and nutrient loss as a result of the destruction of protective vegetation cover and the
accumulation of hydrophobic substances in the surface layers which favours runoff (Giovannini et al.y
1987; Sevink et al. 1989; Imeson et a l, 1992). Fire experiments on maquis in Tuscany have shown that
fight fires (ground temperatures no more than 180-200°C), do not substantially alter the chemical
properties of the soil but promote the solubility of various cations. These beneficial effects allow a rapid
recovery, with new vegetation reaching 2 m in height after 12 months. Although burning volatises
nitrates from the soil, the solid residue is enriched with sodium, phosphate, calcium, magnesium, and
sulphates (Soler & Sala, 1992). In contrast, after severe fires (ground temperatures exceeding 450°C), a
longer period was necessary for vegetation recovery as a result of the higher plant mortality and nutrient
losses, so that after one year the tallest plants were only 1.5 m. in height (Lucchesi et a l, 1994).
In the eastern Mediterranean, Kutiel and Inbar (1993) investigated fire impact on soil nutrients
and soil erosion in a 30-year-old Pinus halepensis and Pinus brutia plantation. In this case, a fight
wildfire had moved through the understorey and fitter layer without causing major damage to the
overstorey tree canopies. A closed, unbumt site was used as a control. An increase of nitrates was
measured in the soil after the fire and a 15-fold increase in available phosphate was found at the burnt
site one month after the fire. Runoff and sediment values were very low, reaching a maximum of 0.12 g
m'2and 0.02 g m'2, respectively, for the largest storm in the season with 84 mm of rainfall. Total runoff
was higher in the unbumt site than in the burnt site, as a result of the fight fire promoting a higher
infiltration capacity. In contrast, after one of the most severe fires in the country in September 1989 on
Mt. Carmel, Israel, erosion and runoff rates during the first year were found to be five and four orders of
magnitude higher in the burnt areas than in the unbumt control areas respectively. The rates declined
rapidly in the subsequent years after vegetation became re-established.
The effects of fires on the composition and dynamics of the vegetation community is highly
dependent on the type of vegetation that is burnt, the intensity and frequency of the fire, and the spatial
pattern of bums. In sclerophyllous forest communities the effects of regular burning can generally be
seen by the rapid, but temporary, development of therophytes and anthracophytes. This addition
momentarily increases the floristic richness and diversity of the communities (Godron et a l, 1981).
However, if the frequency and intensity of the disturbance decreases, the ecosystem rapidly recovers its
initial composition as a result of high resprouting from oak species and the high vegetative regeneration
of herbaceous layer.
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Irregular bums have varied consequences. Depending on the frequencies, in deciduous forests
they result in a more or less marked exogenic addition of sclerophyllous species such as Rhamnus
alatemus, Phillyrea spp., Osyris spp., Juniperus oxycedrus, Cistus spp., Ulex spp. and different
perennial Poaceae species such as Brachypodium, Bromus and even by therophytes if the effect of
degradation is strong (Godron et al., 1981). Here again, there is an increased floristic richness and
diversity. However, as a result of the high frequency of disturbances, ethological species are substituted
by mainly sclerophyllous species.
In ecosystems where sclerophyllous species dominate, wild fires have modified the simplified
stratification of the initial ecosystem which arose from a homogenous closed canopy. Relatively
infrequent irregular disturbances can be seen by the regression of mesophyllous sclerophyllous species
such as Viburnum tinus, Phillyrea media, Ruscus aculeatus, Rubia peregrina, and the progression of
heliophyllous sclerophyllous species occupying open spaces. These heliophyllous species include
Rhamnus alatemus, Pistacia terebinthus, Osyris alba, Jasminum fruticans and Juniperus oxycedrus. In
zones where no stump-sprouting species exists, shrub or chamaephyte invasive species occupy the space.
These species include Calycotome, Ulex, Genista, Adenocarpus, Lavandula, Thymus, Stoehelinia and
Dorycnium (Trabaud, 1981).
In summary, irregular fires are a factor of spatio-temporal heterogeneity of stands with the
installation of mosaic and spot structures. Irregular disturbances lead to the installation of mosaic
structures and to an increase in the floristic diversity and richness of stands. Frequent irregular
disturbances results in a decrease in the floristic diversity and richness due to the continuation of certain
adapted species and the deterioration of the environment’s geochemical balance.
2.7.2 Fauna
Although both richness and species composition of the plant community are largely determined
by abiotic factors, faunal herbivory, including parasitism, has significant effects on the relative
abundance of several plant species (Silva et al., 1996). Herbivores can affect their hosts’ distribution
directly by killing their seeds, seedling or adult plants (Janzen, 1971) or indirectly by changing the
plant’s competitive capacity and resistance to further predation, disease and environmental stress
(Fuentes etal., 1981).
Although herbivory may not provide the principal evolutionary pressure for Mediterranean
species, even a small amount of herbivory on meristematic regions at the onset of growth could result in
enough differences between species to shift the competitive equilibrium in favour of the more protected
species (Mooney et al., 1977). The actual investment in antiherbivore defences is a cost/benefit
compromise between growth and defence. Overprotected species may be outcompeted by other species
which have a higher growth rate and seed production (Fuentes et al., 1981). Herbivore defences common
in the Mediterranean are the production of terpenes, flavonoids, saponins, waxes, low nitrogen to carbon
ratios, and hairy/spiky leaves and stems (Janzen, 1971). For example, Quercus ilex is a strong

43

monoterpene emitter (Kesselmeier et a l, 1998), has a thick waxy cuticle and low nitrogen to carbon
ratios. Phenological adaptations include the tactic adopted by many dominant tree species of having a
large seed crop only in certain years. This saturates the herbivore food requirements, thus allowing many
seedling to escape destruction (Janzen, 1969).
Plant responses to herbivory are less clear. Most research analysing response to herbivory has
been carried out by comparing defoliated zones to non-defoliated zones (one or both of which are
artificially controlled). The experimental exclusion of herbivores was associated with increased cover of
some shrubs and perennial grasses, and decreased cover and seed densities of ephemerals, especially
those exotic or restricted to areas underneath shrubs (Gutierrez et al, 1997). Herbivores apparently
reduced shrubs through browsing and indirectly affected herb cover and seed densities by opening up
areas under shrubs and/or modifying physical and chemical conditions of the soil.
Higher cover of some shrubs and ephemerals in the presence of herbivores suggests complex
effects through changes in herbivore densities and/or foraging behaviour, especially when the herbivores
are small mammals (Gutierrez et al., 1997). Increased sprout removal (crown damage intensity)
promotes recruitment and increases the total dry weight of new sprout cohorts. Increased intensity and
frequency of crown damage also promotes growth of undamaged sprouts according to local position on
the lignotuber. For example, the plant species Anthyllis cytisoides compensates for herbivory by
increasing aboveground growth with greater percentage of plant defoliation (Alados et al., 1997). An
increase in stem elongation and total flower and leaf number was also observed. In a study of post-fire
sapling recruitment it was observed that patches under considerable environmental stress (shallow dry
soil, high rock cover) were more exposed to the combined damaging effect of porcupine and scale insects
than saplings in patches with more suitable environmental conditions (Izhaki & Neeman, 1996).
2.7.2.1 Insect herbivores
Insect attacks of epizootic proportions may cause temporary defoliation but rarely threaten the
survival of species (Anonymous, 1966; Morandini, 1977). Insects such as Lymantria dispar,
Malacosoma neustria and Tortrix viridina are distributed throughout the Mediterranean Region and
may cause widespread defoliation of Quercus ilex forests (Debazac, 1983). Euproctis chrysorhea and
Thaumatopoea processionea may cause similar damage in areas from southern France to Turkey
(Debazac, 1983). Leaves are not the only part of trees attacked by insects. Larvae of Coroebus
bifasciatus (Coleoptera) are damaging parasites on young twigs of Quercus ilex. Cerambyx cerdo lives
on stems and Balaninus elephas is a parasite of acorns (Debazac, 1983).
Although there is little quantitative data describing the effects of insects on the Mediterranean
vegetation community, a study of succession after fire observed that up to 37% of saplings were killed by
scale insects (Izhaki & Neeman, 1996).
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2.7.2.2 Vertebrate herbivores
The Mediterranean vertebrate fauna differs in some important aspects from that of the
temperate regions. For example, the fodder base is inadequate for the development of high population
densities of large mammals like deer (Focardi et al., 1995). Before the advent of man, vertebrate
herbivores may have had a significant impact on the vegetation. The fallow deer (Dama dama), red deer
(Cervus elaphus) and its sub-species (e.g. Cervus elaphus corsicanus found in Corsica and Sardinia)
were once ubiquitous in the Mediterranean region but many populations were wiped out from the
onslaught of hunting (Qu6zel, 1977). Thus, most deer are now found only within protected national
parks. Two wild goat/sheep species (Capra aegagus and Ovis ammon) were also widespread throughout
the Mediterranean, especially within the mountainous regions. Pure strains of Ovis ammon are now
restricted to a few localities in Corsica, Cyprus and Turkey, while substantial populations of Capra
aegagus now only occur in Turkey, and some protected islands e.g. Montecristo (Smit & Van
Wijngaarden, 1976). The wild pig (Sus scrofa), in contrast to other species, has maintained a
considerable presence throughout the Mediterranean although it is one of the most hunted species (Toso
& Tosi, 1992).
Other mammalian herbivores include the crested porcupine (Hystrix cristata) introduced by the
Romans to Italy from North Africa, and the indian porcupine (Hystrix indica) native to Turkey and Near
East (Smit & Van Wijngaarden, 1976). These porcupines are the largest of the old-world rodents after
the beaver and feed on roots, stems, leaves of herbaceous plants, bark and fruit (Izhaki & Neeman,
1996). In a study of Pinus halepensis recruitment after fire, it was found that porcupine damage was
patchy but rather heavy (mean of 15% mortality with a maximum of 21% mortality) in plots with low
vegetation cover and high rock cover while only marginal impact was observed in relatively dense
vegetation (mean mortality of 0.5%) (Izhaki & Neeman, 1996). Smaller mammals, such as Lepus spp.,
Oryctolagus spp., Microtus spp., may still play a significant role in determining at least vegetation
composition by differential consumption of seeds and seedlings. Shaw (1968) found that 98% of acorns
were collected by small mammals from the soil surface. Herbivorous bird species are also included in
this category, although there is little information on their impact on seed predation within the
Mediterranean.
Wolves were the main predators of the larger herbivores and helped maintain their populations.
In the Mediterranean, they are now restricted to the Balkans and Turkey, with only a few small
populations in the Italian Apennines, the Iberian mountain ranges and Jordan (Smit & Van
Wijngaarden, 1976). The role of large herbivore predator was taken by the panther (Panthera pardus) in
North Africa, with the panther and the wolf overlapping in their ranges only in Turkey (Smit & Van
Wijngaarden, 1976). The panther is now almost extinct in the Mediterranean (Qu6zel, 1977). Other
mammalian predators of the Mediterranean region include the wild cat (Felis sylvestris), the genet
{Genetta genetta), the lynx {Felis lynx), the fox {Vulpes vulpes), the weasel {Mustela nivalis), the
marten {Martes faina) and the badger {Meles meles). Bird predators include eagles (e.g. Aquila heliaca),
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falcons (e.g. Falco peregrinus), buzzards (e.g. Buteo buteo), hawks (e.g. Accipter nisus), harriers
{Circus pygarus) and kites (e.g. Milvus milvus) (Chinery, 1996).
2.7.3 Other natural disturbance
Binyamini and Avizohar-Hershenzon (1973) give a long list of fungi living on Mediterranean
trees, but very few are considered damaging parasites (Malengon & Marion, 1951). In contrast, pines
and introduced deciduous broad-leaved trees like poplars are far more susceptible to diseases.
In specific localities, massive soil movements are a major cause o f disturbance in the
Mediterranean. In this case massive soil movement is defined as the removal down-slope of at least 300
tons of surface material per hectare per year, and includes landslides and severe erosion (Conacher &
Sala, 1998). The main causes in the Mediterranean zone are die outcropping of low-resistance strata,
steep relief, tectonic destabilisation, fluvial undermining, intense climatic activity and/or persistent
vegetation cover disturbance (Cotecchia & Melidoro, 1974). Considerable areas of the Mediterranean are
affected by massive soil movements (Maurer, 1975). In particular examples, the situation is highly
destructive. In an area of 450 km2 within the Rif mountains, Morocco, more than half of the surface area
is affected by massive soil movement (Conacher & Sala, 1998). By removing both the standing
vegetation cover and the top-soil, this type of disturbance can have a significant long-term impact on the
vegetation community. The rehabilitation of these degraded landscapes with native species pose many
problems. The growth rate of native evergreen trees is low, and lack of economic viability and clear
objectives provide few incentives for their re-establishment.
Earthquakes and volcanic activity are common occurrences throughout the Mediterranean and
they may trigger catastrophic landslides and standing vegetation destruction. In Italy, for example,
evidence of landsliding triggered by strong earthquakes is widespread in ancient chronicles and
scientific reports (Agnesi et a l, 1982). Flooding is also a major source of disturbance as a result of the
intense rainfall characteristic of the Mediterranean climate. The reduced vegetation cover, thin soils and
steep relief contributes to the severity of floods (Conacher & Sala, 1998). For example, a severe storm in
October 1973 released 300 mm of water over an eighteen hour period in a zone between Malaga and
Murcia, south-east Spain (Mairota et a l, 1998). The resulting flood caused a radical change in
morphology of the region.
2.7.4 Anthropogenic disturbance
Human influence in the Mediterranean Basin has been intense for the last 6000 to 8000 years
(Whyte, 1961), causing many forms of degradation of the original vegetation as a function of the type
and intensity of utilisation by man, and of die variation in use over time. Probably 50 to 60 % of the
Mediterranean region was under crops at one period or another between 3000 B.P. and 1500 B.P.
leaving only the uncultivated zones for natural vegetation, which were periodically harvested for wood
and burnt to improve grazing for domestic animals (Le Hou6rou, 1981). By the mid-nineteenth century
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at least three quarters of Mediterranean forests had disappeared (Quezel, 1977). For example, in the
lowlands of Italy (up to 600 m above sea level), where human pressure has been higher, 95% of the
sclerophyll forest area and 80% of the deciduous forest area has been destroyed (Brandmayr &
Pizzolotto, 1994). By reducing the vegetation cover and increasing soil erosion rates, anthropogenic
disturbance may have induced the displacement of mesophyllic species by more xerophyllic species on
the ecotone boundaries, for example, the replacement of Quercus pubescens by Quercus ilex, and
replacement of the latter by Quercus coccifera in more arid zones (Debazac, 1983). The present
distribution of maquis and garrigue may be almost entirely as a result of anthropogenic disturbance
(Tomaselli, 1977).
Fire has probably been the most powerful tool available to man for clearing vegetation. People
have traditionally used the positive effects of fire for extension and renewal of pastures, pest and weed
control, and fertilisation (Barry, 1960; Dugrand, 1964). In countries with very old civilisations such as
the Mediterranean Basin, continuous human use of fire (natural fires are rare in the eastern
Mediterranean) has promoted a floristic composition which is adapted to fire. The second most
significant factor in anthropogenic disturbance is grazing by livestock. Overgrazing has reduced
significant areas of the Mediterranean basin from forested to thermophyllous scrub (Debazac, 1983).
Intense anthropogenic disturbance combined with high environmental stress and friable lithologies, has
resulted in the development of a 'badlands' landscape in many parts of the Mediterranean (Bryan & Yair,
1988). Here the landscape is degraded to such an extent that it makes a limited contribution to the
economy and has lost most of its ecological value.
Harvesting of forest products has also affected vegetation composition and structure. The main
forest product is firewood which may be used directly or converted into charcoal, but the market for this
and the production per hectare is limited. For example, the average volume of firewood obtained from
well managed coppices of Quercus ilex with a rotation from ten to twenty years does not exceed 2 m3 ha'1
yr'1 (Castellani, 1970). In such conditions, firewood consumption has gradually decreased in the
industrialised Mediterranean countries, although coppice woodland still represents a significant
proportion of forested land, such as in Italy where 60% of forests are under a coppice with standards
regime (Giovannini et al., 1992). Nowadays, native Mediterranean trees produce structural timber of no
marketable value in the modem economy (Morandini, 1977). In addition, native woods are unsuitable for
chipboards, plywood or veneer. Exotic species have therefore been introduced for the rapid production of
timber and fibres for the cellulose industry. These species are represented almost exclusively by the
Eucalyptus family. Eucalyptus species have shown excellent adaptations to the Mediterranean
environment; withstanding the prolonged summer droughts by accessing groundwater at great depths
with very extensive root systems, and capable of surviving the low winter temperatures (Morandini,
1977). Other species introduced for the timber industry include Pinus radiata from California. Tree
species

have

also

been

introduced

for

land reclamation,
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especially

for

stabilising

coastal

sand dunes (Acacia spp.) and for reclaiming rocky/lava outcrops (Barbary fig, Opuntia ficus-indica)
(Debazac, 1983).
Few of these introduced species have threatened the natural Mediterranean ecosystems,
principally as a result of their low reproductive potential (,Eucalyptus) or their occupation of marginal,
highly degraded landscapes {Opuntia ficus-indica) (Le Floc’h, 1991). Ailanthus altissima, on the other
hand, has generated considerable concern. In one case, this species was able to outcompete and invade
significant areas of die island of Montecristo after just sixty years (Pavan, 1971). The importance of the
island as a nature reserve has meant that Ailanthus altissima has had to be manually controlled to reduce
its impact on the natural ecosystem.
Two new impacts have now become the overriding anthropogenic disturbance regimes of
Mediterranean ecosystems. After World War n, improved social and economic conditions in the
Mediterranean brought about an exponential increase in urbanisation and tourism. Some 380 million
people now live in 22 countries around the Mediterranean basin. Almost half of these inhabitants live on
the narrow coastal margin. Meanwhile, 120 million tourists visit the region each summer, adding to the
overcrowding problem, encouraging further destruction of beaches and sand dunes, and increasing
pollution (Conacher & Salas, 1998).
Apart from the direct effects of urbanisation where natural or semi-natural ecosystems are
replaced by concrete and asphalt, the effects on air and water are significant. The drastic increase in
impervious surfaces as a result of urbanisation has produced a radical change in local hydrology,
increasing the chances of flooding and reducing the amount of water percolating to aquifers (Lindh,
1972). The increase in runoff can be considerable, hi permeable substrata, such as limestone and
volcanic ash deposits, normal surface runoff/rainfall ratio is only about 1-2% (Lindh, 1972). Changing
the surface to an impervious one as a result of urbanisation may increase the ratio by more than 50 %.
Sediment discharge also increases in urbanised catchments, yielding concentrations 10 times higher
than from non-built areas (Lindh, 1972). Flows from urbanised areas have a large content of dissolved
and suspended sediments, increasing the pollution potential of rivers and underground water. The
reduction in aquifers levels can be further exacerbated by extraction for agricultural irrigation and urban
use (Lindh, 1972).
The industrial development concurrent with urbanisation in the Mediterranean, has polluted
both the air and the water. This has resulted in degradation of ecosystems from acid rain, anionic
surfactants, eutrophycation, pesticides, herbicides and a whole variety of toxic chemicals and gasses
(Conacher & Salas, 1998). The effects of global warming as a result of green-house gas emissions has
yet to be quantified. Despite widespread agreement that global warming is occurring, it has not yet been
possible to separate out any impact on Mediterranean ecosystems from those caused by natural climatic
variability (Corte-Real et al., 1998).
The attraction of urban living has also resulted in a rapid depopulation of rural inland regions
(Debazac, 1983). Thus, traditional land-uses of prescribed burning and grazing have become rarer. As a
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result, fires of high intensity and duration, extremely destructive for both the natural ecosystem and
human infrastructure, have become increasing frequent in the Mediterranean region (Trabaud, 1981).
The causes of these fires are manifold. The accumulation of fuel has been encouraged by the high cost of
labour for cleaning or prescribed burning. Pinus and Eucalyptus, the main reforestation species in the
Mediterranean basin, are highly combustible in comparison with oaks, especially Quercus suber. But the
increase in fire extent and frequency is principally attributed to human causes, including conflicts of
land use, such as the replacement of pasture land with forests, tourism development, and human
negligence and arson (Morandini, 1977). The phytosanitary consequences of non-use has also resulted in
the periodic outbreak of pest epidemics. This is due to the extensive continuity of tracts of same-species
stands with no breaks which would limit the spread of pests and diseases (Debazac, 1983).

2.8 Vegetation dynamics
The landscape properties described above, and the influence of humans on them, creates a patch
mosaic of ecosystem determinants, which control the spatial and temporal dynamics of a vegetation
community. The response mechanisms can be summarised by identifying plant functional types within
the Mediterranean region. Plant functional types are a group of plant species that exploit environmental
resources and respond to habitat perturbation in similar ways (Gitay & Noble, 1997). One of the most
conspicuous features of plant species is that they can be classified into certain successful plant functional
types. These functional types can generally be described by particular combinations of characters such as
general growth form, size, leaf type, seasonal habit and other adaptive strategies to environmental
limitants and competition. These features are not independent from one another, in fact it is their
combination, i.e. the plant functional type, which is the basic unit and which must be related to the
conditions in which the plant thrives. Attempts to classify plant species into functional type categories
include r, K and adversity groups (MacArthur & Wilson, 1967; Southwood, 1977; Greenslade, 1983),
early and late-successional (Budowski 1970; Whittaker, 1975; Bazzaz, 1979; Finegan, 1984),
exploitative and conservative species (Bormann & Likens, 1979), ruderal, stress-tolerant and
competitive (Grime, 1979), gap and non-gap species (Hartshorn 1978; Brokaw, 1985), structural
classifications (Raunkaiaer 1934; Hall6 & Oldeman, 1975; Webb et al., 1970; Walker et al., 1981), vital
attributes (Noble & Slatyer, 1980), or a combination of the above (Ellenberg & Mueller-Dombois, 1967;
Box, 1981).
Barbero and Qu6zel (1989) identified three general functional types for Mediterranean free
species. These are differentiated by the species response functions to climatic stress, geopedological
constraints and natural or anthropogenic disturbances. The functional types are termed as the
‘expansion’, ‘resistance’ and ‘stabilisation’ strategists, and are equivalent to the ‘r ’, ‘s’ and ‘k ’
strategists as originally defined by MacArthur and Wilson (1967).
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2.8.1 The expansion functional type
The expansion functional type is characterised by generalist conifers (e.g. Pinus halepensis,
Cedrus atlantica) and opportunist conifers (e.g. Pinus mesogeensis, Pinus clusiana, Pinus pined). These
species achieve early fertility (at 10-15 years old), do not require specialist pollinators (wind pollinated),
have a high and regular production of cones per individual and seeds per cone, and their seeds are
dispersed over long-distances (light-weight for wind-dispersal) and resistant (thick cuticle, high in
protein). The species are able to grow on all substrate types (limestone, silica, marls) and in all
geopedological structures (lithosoils, rendzinas, rankers, brown forest soil), in full sunlight and have a
high resistance to hydric stress up to six months (early stomatal blockage).
The species favour die colonisation of presteppe and preforest environments. Once established,
they are able to achieve rapid growth, and high biovolume occupation. Stands occupied by conifer
species have lower interspecific competition compared to sclerophyllous and deciduous leafed species.
Four or five decades are necessary to reconstitute a typical pine stand. These stands are characterised by
a large spatial-temporal heterogeneity of structures and architectures, with a resulting high floristic
richness. These components are highly flammable, promoting fire which reconstitutes and expands their
preferred habitat.
2.8.2 The resistance functional type
The resistance functional type is characterised by sclerophyllous species (e.g. Quercus ilex,
Quercus rotundifolia, Quercus coccifera, Ceratonia siliqua, Olea oleaster, Tetraclinis articulata). The
species achieve late fertility (at 40-60 years old), have an irregular and relatively low seed production,
and their seeds are randomly dispersed by animals (heavy-weight sometimes with comestible structure).
The species prefer evolving soils (rendzinas, brown rankers) in forest and preforest conditions and are
highly resistant to hydric and thermic stress.
The species have a higher competitive ability compared to preforest conifers which are
eliminated from the stands, but have an inferior competitors compared to deciduous species which have
better height growth. Resilience is high for some ecosystems dominated by resistance model species
(Quercus coccifera oak forest, Chamaerops shrubland) and average for others (Quercus ilex oak forests
- 70 to 80 years depending on site). Disturbance and environmental stress results in die differential death
of aerial structures and regeneration often occurs from stumps. This results in a high spatial and
temporal heterogeneity of often mosaic structures and architectures. In the absence of disturbance and
stress, the stands have a low architectural heterogeneity and floristic richness as a result of shading.
2.8.3 The stabilisation functional type
The stabilisation functional type is characterised by deciduous species, especially the oaks (e.g.
Quercus pubescens, Quercus faginea, Quercus canariensis, Quercus afares). These species are able to
persist almost exclusively on brown forest soils, where regeneration occurs in the understory or in
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preforest ecosystems dominated by deciduous Sorbus, Acer and Fraxinus species. Seeds are dispersed
mostly by animals (barochory). These species have the lowest resistance to hydric (1 to 3 months) and
thermic stress. On the other hand, interspecific competition is higher compared to preforest conifers and
sclerophyllous oaks. The greater height and diameter growth, and their ability to compete by
interference allows these species to dominate in situations with favourable environmental conditions and
negligible disturbance. The stands have low spatial heterogeneity of structures while there is a high
architectural heterogeneity and high specific richness in forest species.
These species have a slow recovery after disturbance (low sprout production) and have low
resilience, taking up to 90-100 years or more to reconstitute a typical stand. If disturbances are highly
frequent and strong, the species are replaced by sclerophyllous species.

2.9 Conclusion
Through the hierarchical patch dynamics paradigm, this chapter has defined the spatial and
temporal characteristics of five fundamental ecosystem determinants (light, temperature, water, nutrients
and disturbance) through an analysis of landscape properties within the Mediterranean region. This
involved the interpretation of landscape properties across spatial and temporal scales, and how these
influence plant species adaptations and dynamics. This chapter has now laid the foundations for the
interpretation of climatic and landscape properties within the Astroni crater, and how these may
influence the spatial and temporal distribution of ecosystem determinants, which in turn control species
distribution and dynamics.
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3. The Astroni Crater
3.1 Introduction
The aim of this chapter is to describe the Astroni ecosystems and their determinants. A similar
structure to the previous chapter is taken, beginning with the a description of the Astroni crater’s
landscape properties, including climate, geology, topography, soils, and disturbance, both historical and
present. The vegetation communities are then described, including die results of a detailed survey within
the Astroni crater. The descriptive section concludes with an analysis of the role of WWF-Italy, who
manage the Astroni crater nature reserve. This information is assessed using the hierarchical patch
dynamics framework developed in Chapter 2 so as to establish the prerequisites for the modelling. A
software framework for the modelling is presented in the final section.

3.2 Climate
The major frustration of this research has been the inability to collect environmental variables
from within the crater or even the surrounding area. There are several weather stations located within
the Campi Flegrei linked to local military bases and academies. Although repeated requests for data
were made, none were forthcoming. As a result, the research has had to extrapolate from the scant
Naples and Rome climate data available in the literature. Tables 3.1, 3.2, 3.3, 3.4 and 3.5 show the
weather data for Capodichino Airport, Naples (40°5T N, 14°51’ E, 78 m. a.s.l.) collected over a 68 year
period (Cantu, 1977). This data is useful in giving an indication of weather patterns at the ecoprovincial
and ecoregional scale.
3.2.1 Solar radiation
Table 3.1 shows the monthly solar radiation values for Capodichino, Naples (Cantu, 1977).
Sunlight duration varies from an average of 9 hours in December to 13 hours in June, while the time
that skies are obscured by clouds varies from 6 hours in December to 2.4 hours in July and August.
Combined with the significantly higher cloud cover, shorter day length and lower illumination angles
during the winter period, radiation levels reach a total low of 3.6xl05 funols for an average day in
December. In summer, the clearer skies, longer day length and higher illumination angles allow
radiation levels to reach a total of 13.7x10s pmols for an average day in July.
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Month
January
February
March
April
May
June
July
August
September
October
November
December

Average Daylength (h)
9.2
10.1
10.5
12
12.8
13
12.8
12.3
11.9
11.2
9.8
9

Average Cloud Duration
(h)
5.4
5.6
5.3
5.4
4.6
3.7
2.4
2.4
3.8
4.8
5.7
6

Average Daily Radiation (*105
pmols m'2 day'1)
3.6
5.1
6.9
9.7
12.2
13.5
13.7
12
9.3
6.7
4
3

Table 3.1: Monthly radiation data for Naples (Cantu, 1977).

3.2.2 Air mass movement
Table 3.2 shows monthly wind direction data for Capodichino, Naples (Cantu, 1977). The data
shows that surface air movement strongly diverges from the general air circulation pattern over the
Tyrrhenian Sea as described in Section 2.2.2. In the morning, the wind direction is predominantly
northerly (inland), this pattern is only slightly influenced by atmospheric easterly winds in winter, which
results in a north-north-easterly wind direction. In the afternoons, the influence of the nearby coast can
be clearly detected, with the sea breeze shifting wind direction southwards. This phenomenon is less
influential over the winter months as a result of reduced radiative heating. Thus, sea-breezes are not
predominant in December and January.

Month
January
February
March
April
May
June
July
August
September
October
November
December

Prevailing Wind Direction at 06:00
N
N
NNE
NNE
N
Var.
N
N
N
N
N
N

Table 3.2: Wind direction data for Naples (Cantu, 1977).
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Prevailing Wind Direction at 15:00
NE
S

ssw
s
s
s
s
s
s
ssw
s
NE

3.2.3 Temperature and precipitation
Tables 3.3 and 3.4 present monthly temperature, precipitation and air humidity data for
Capodichino, Naples (Cantu, 1977). The Tyrrhenian versant of Italy, where the crater is situated, is
protected by the Apennines from cold northern winds and therefore experiences a relatively mild winter,
with average daily temperatures in January (the coldest month) of 9.0 C°. Absolute minimum
temperatures do go below freezing on occasion (lowest absolute temperature -3.9°C).

Month

Average Daily
Temperature
(°C)

January
February
March
April
May
June
July
August
September
October
November
December

9
9.6
12
14.6
18.7
22.2
24.8
25
22.1
18.3
13.9
10.9

Average Daily
Maximum
Temperature
(°C)
12.2
12.9
15.4
18.3
22.7
26.3
29
29.3
26
21.8
17.1
14

Average Daily
Minimum
Temperature
(°C)
6.6
6.9
8.7
11.3
15
18.4
20.9
21.1
18.7
15.3
11.3
8.6

Absolute
Maximum
Temperature
(°C)
18.3
21.5
24.7
27.5
32.2
35.2
37.9
36.6
33.8
29.6
24.9
20.8

Absolute
Minimum

Temperature
(°C)
-3.9
-3.2
0.9
3.9
8.2
11.5
13.8
14
10.6
7.9
0.6
-1.6

Table 3.3: Monthly air temperature data for Naples (Cantu, 1977).

Month

January
February
March
April
May
June
July
August
September
October
November
December

Average
Precipitation
(mm)

Maximum
Precipitation
in 24 hours
(mm)

93
81.8
74.8
66.9
45.2
45.7
16
18.5
71.2
130.2
114.4
136.7

50
53
37
30
35
31
31
44
59
79
89
62

Average
Number of
Days with
Precipitation >
1.0 mm.
10.3
10.5
10.3
8.6
6.5
5.4
1.9
2.5
6.8
9.9
10.6
12.9

Average
Relative
Humidity at
06:00 (%)

Average
Relative
Humidity at
12:00 (%)

80
80
80
82
80
77
76
78
82
82
83
82

66
65
62
61
61
57
53
53
56
60
66
69

Table 3.4: Monthly precipitation and air humidity data for Naples (Cantu, 1977).

The precipitation data shows the typical Mediterranean rainfall pattern, with drought in
summer and rainfall in winter. In the particular case of the Naples area, in autumn, depressions become
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more frequent as the season proceeds resulting in a precipitation peak in December (136.7 mm). As
winter progresses, occasional easterly winds give rise to cold weather and here, clear skies prevail. This
levelled pressure will produce clear skies at higher elevations and fogs in valleys. This thermal-inversion
phenomena has been observed on several occasions in the Astroni crater, fog being present at the base of
the crater for up to several hours after sunrise. It is not known whether these occasional inversions may
significantly affect the vegetation zonations of the crater. These levelled pressures are frequently
interrupted by depressions, causing perturbed weather for several consecutive days. In spring, these
depressions become less frequent and fair anticyclonic weather from the Azores becomes dominant.
From October to March over 30 % of the days have more than 1 mm of rainfall. For the summer months
of July and August, a flat pressure field completely takes over resulting in consistently clear skies.
Precipitation in these two months is drastically reduced to the occasional convective thunderstorm, with
the total rainfall for the two months (34.5 mm) not exceeding the rainfall of any other single month in
the year.
Pinna (1957) estimated an aridity index for the Campi Flegrei region of between 15 and 20,
thus defining the region as “sub-arid”. The index was calculated from the following equation:

Equation 3.1

p

fl2p

1
ll
U+ioJ"1"U+ioJ

Arid / = 0 5 (

where, Aridi = aridity index;
P = average annual precipitation;
T= average annual temperature;
p = precipitation of the most arid month;
t - temperature of the most arid month.
This index is in accordance with the Emberger bioclimate classification of the Naples region,
which classifies the region within the sub-humid temperate Mediterranean bioclimate.
With respect to the climate in the Astroni crater i.e. climatic variables at the ecosection and
ecoseries, the phenomena of thermal inversion is of particular interest. In southern Italy, it is more usual
to have sub-Mediterranean communities at higher elevations were the climate is cooler and wetter, and
Mediterranean communities at lower elevations where conditions are warmer and drier (Polunin &
Walters, 1985). Hypotheses proposed to explain this community "inversion" favour the idea that the
concave shape of the crater allows cold, humid air to settle towards the bottom of the crater which in
turn is retained by the absence of air currents as a result of shielding by the crater slopes (pers. com.
Prof. Elio Abatino). This cool air would favour the establishment of winter-deciduous species at the base
of the crater since they would be able to avoid the damaging effects of frosts during the winter months.
There is no evidence as yet to validate this hypothesis.
Unfortunately, there is no available information concerning temporal climatic variation.
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3.3 Geology and topography
The Astroni crater is situated within the Campi Flegrei volcanic ecoprovincial system, whose
formation began approxim ately 45,000 years ago by a series o f volcanic activities culminating in a
phenom enal explosive eruption in 35,000 BP which devastated an area o f approxim ately 200 km 2 (Rosi
& Sbrana, 1987). Four phases o f minor post-caldera volcanic activity followed (Figure 3.1): ancient
mainly submarine (35,000 to 11,000 years BP); ancient mainly subaerial (10,500 to 8,000 years BP);
recent subaerial (4,500 to 3,500 years BP) and historical (principally the eruption o f Monte Nuovo in
AD 1538).

POOUOU

Figure 3.1: Campi Flegrei region showing ancient submarine deposits (yellow), ancient subaerial
deposits (green) and recent subaerial deposits (red).

W ithin the Campi Flegrei caldera up to 20 minor craters have now formed. The volcanic
eruption which formed the present Astroni ecosection geom orphological unit (247 hectares in area) is a
relatively recent one, dating approxim ately to 4,000 BP (micro tim e-scale), and represents one o f the
largest and most intact craters o f the Campi Flegrei (Rosi & Sbrana, 1987). The Campi Flegrei area is
still volcanically active. The last m ajor eruption occurred in the sixteenth century when M onte Nuovo,
reaching over 200 metres in height, was created in just three days (Rosi & Sbrana, 1987). Fumarole
hydrothermal vents still reach the surface in various locations, m ost notably within the Solfatara crater,
approxim ately 2 km south o f Astroni (McGuire et al., 1995).
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The Astroni crater’s rim is oval in shape, 5.6 km in circum ference, with the greatest diam eter
o f approxim ately 2 km occurring in a north-west to south-east direction. This rim is on average 200
metres above sea level, with the highest peaks occurring on the south-west side at Torre N ocera (261 m
above seal level) and on the northern side at Torre Lupara (232 m above seal level). Both o f these points
manifest a slight inward kink in the crater’s outline and represent the remains o f the more ancient slopes
o f the Agnano crater, which the Astroni eruption has disrupted (De Lorenzo & Riva, 1902). The lowest
point o f the rim (100 m above seal level) on the south-eastern side at Torre d ’lngresso, creates a natural
entry point to the crater. The inner slopes, averaging an inclination o f 35°, rapidly descend over a short
distance to the crater’s base which gently declines towards the lowest point o f the crater at Lago Grande
on the southern side o f the caldera (9 m above seal level). The northern slopes are characterised by a
series o f vertical channels 10 to 20 metres wide and up to 10 m etres deep. It is not clear whether these
were created during pyroclastic surges and/or were eroded after the eruption (Rosi & Sbrana, 1987). The
base has two distinct secondary craters: Colle lmperatrice, almost at the centre o f Astroni (76 m above
sea level), and Rotondella, just north o f the former (59 m above seal level). O f note is the exposed cliff
on the eastern slopes o f the crater, where the slopes are almost vertical. Thus, topography within the
Astroni crater has marked variations even at the ecoelement scale. Temporal variations in topography
are not known.

Figure 3.2: Three dimensional graph of the Astroni crater, showing its almost perfect bowl shape,
the Colle lm peratrice crater at the centre and the south facing “kink” on its slopes (not to scale).

3.4 Soils
The com ponents o f the sub-surface parent material which determine soil properties within the
Astroni crater can be subdivided into three types:
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1. the highly lithified deposits: these include the solidified lava flow o f the trachitic cliff, and the
Rotondella crater (Figure 3.3);
2. pyroelastic deposits originating from the m ain Astroni eruption: these form the bulk o f the
crater’s parent material and were deposited in almost horizontal layers during the formation o f
the crater. These deposits are rich in lapilli set in an ash matrix;
3. alluvial deposits at the base o f the crater: these are principally com posed o f eroded ash and
lapilli washed down from the slopes over the last 4,000 years.

These deposits are m ainly com posed o f trachytic and alkali-trachitic pumice, including
sanadine, plagioclase, biotite and clinopyroxene phenocrysts (Rosi & Sbrana, 1987). Most volcanic ash
deposits are andesitic (moderately basic in com position) and highly siliceous (Buol et al., 1973). As a
result o f the com mon volcanic origin o f the crater’s soils, one can assume that these soils have sim ilar
properties throughout the crater, although they may vary in depth depending on topography.

Figure 3.3: Stratified ash deposits as seen in a bedrock cross section within the Astroni crater.

3.4.1 Soil hydrology
Ciollaro and Rom ano (1995) studied the physical and hydraulic properties o f volcanic soils in
the Campania region where the Astroni crater is situated. They found that the soil was fairly
homogenous and substantial differences in the vertical direction were not evident up to a depth o f
approxim ately 0.9 m. They carried out laboratory analysis o f soil samples collected from the area,
finding an average sand content o f 0.607 g cm '1, silt o f 0.278 g c m '1, and clay o f 0.115 g c m '1. The water
retention and hydraulic conductivity laboratory tests showed that the samples had an average saturated
soil water content o f 0.538 g c m '1 and an average saturated hydraulic conductivity o f 10.3 cm h '1. A
single evaporation experiment was carried out on a sample and an upward water flux density o f 0.15 cm
h"1 was measured.
The high water retention and porosity implies that there is reduced surface water flow and that
the majority o f the rainfall will rapidly percolate to the water table. The Lago Grande is obviously

58

supplied by the aquifer and the absence o f significant fluctuations in water level implies that the lake is
supplied by a m ajor aquifer network. The implications o f this aquifer on the vegetation com m unities
could be significant. A new hypothesis is proposed that may help to interpret the vegetation zonation
within the Astroni crater. It is possible that the differences in water-table depth may have a more
significant effect on vegetation zonation than the differences in air temperature. A higher water table at
the base o f the crater may reduce the impact o f summ er drought and therefore favour fast growing and
taller deciduous species as opposed to the more stress tolerant M editerranean species which would be
more competitive on the drier slopes. Thus, one could assume that soil hydrology is influenced by soil
depth and distance to the water table at the ecoelem ent scale, but not differentiated by soil structure since
this will be homogenous throughout the crater. Soil hydrology will also vary according to precipitation,
air tem perature and air mass m ovem ent at the m icro time-scale.

Figure 3.4: Lago Grande, found at the lowest elevations within the Astroni crater and sustained by
the crater’s aquifer.

3.4.2 Soil nutrients and pH
Table 3.5 shows the results o f several studies undertaken by De Lorenzo and Riva (1902),
Narici (1932) and Rosi and Sbrana (1987) on the mineral com position o f deposits within the Astroni
crater. Silica is the major com ponent o f the deposits (> 45 % ), while 40 % o f the deposits were
com posed o f aluminium, calcium, potassium , iron, m agnesium and sodium oxides, with trace m inerals
including titanium , chlorine, barium , m anganese and phosphorous. These results show that the volcanic
deposits are extremely rich in minerals useful for plant growth, notably concentrations over 6 % for
potassium and over 0.1% for phosphorous.

I Compound

Narici
(1932)

De Lorenzo & Riva (1902)
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Rosi & Sbrana (1987)

SiC>2
AI2O3
CaO
K20
FeO
Fe20 3
MgO
Na20
T i0 2
II2(H
Cl
I^O BaO
MnO

46.75
17.29
11.26
6.87
5.41
3.27
3.12
3.08
0.93
0.85
0.41
0.23
0.14

57.6
19.43
4.17
8.71
1.92
2.49
1.06
3.55
0.46
0.32
0.04
0.32
-

-

0 .1 2

0.23

0 .1 2

O

59.45
18.24
2.96
8.99
2.17
1.54

0 .1 1

0 .2

0.15

0 .8

4.08
0.5
0.98
-

Table 3.5: Chemical composition of soil samples taken from the Astroni crater.

Volcanic deposits impart distinctive properties to surface soils, one of the main features being
the presence of allophane, an amorphous aluminio-silicate, which rapidly forms complex compounds in
the presence of organic material (Buol et al, 1973). Other common features include a thick friable soil
profile with distinct stratification, very low bulk density resulting in high porosity, high water-holding
capacity and a high cation exchange capacity (Wright, 1964). One could therefore conclude that the soils
within the Astroni crater are highly fertile, have good water retentive capacities but are rarely water
logged.
An attempt was made to asses the temporal and spatial variation of soil nutrients within the
crater with the use of anion/cation absorption resin bags (see Lundell (1989) for method). 20 resin bags
were interred over monthly time intervals at various locations within the crater between May and
September 1995. Unfortunately, subsequent extraction and measurement of nutrients proved to be
unreliable. The variations in available nitrogen concentrations ranged from extrapolated extremes of 30
kg ha' 1 month' 1 to lows of 5 kg ha' 1 month'1. This variation could be explained by fluctuations in
climate, the amount and type of litter, and the soil type (Waring & Schlesinger, 1985). In order to
achieve statistically significant average values for the different conditions and vegetation types within
the crater, a greater number of resin bags (over

200)

should have been used and environmental

conditions should have been measured. Adequate resources and time were simply not available.

3.5 Disturbance
A sustained history of both anthropic and natural disturbance has resulted in highly
heterogeneous dynamic states for the Astroni vegetation. Extensive logging combined with wind throw
has removed the majority o f large trees from within the crater. Landslides and fire have also resulted in
the opening up of vegetation and the establishment of early successional species, including two alien
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species, Ailanthus altissima and Robinia pseudoacacia. Since 1987, all anthropogenic disturbance has
been officially controlled, although arson is still common on the slopes. After the last large herbivore
was shot in the 1970s, there has also been an absence of major animal disturbance. As a result, the base
of the crater may see a significant change in both plant species composition and vegetation structure as
natural processes of succession take over. The following sections outline the main disturbance factors in
historic time.
3.5.1 Natural disturbance
3.5.1.1 Volcanic eruptions and earthquakes
The whole region of Campania has a history of volcanic activity and earthquakes. Most
famously, the eruption of Vesuvius in 79 AD which engulfed the roman towns of Pompeii and Ercolano
(Abatino, 1989). In 1456 AD a devastating earthquake in the Campania region left 30,000 dead, hi
1883, an earthquake occurred on the island of Ischia, situated within the Campi Flegrei caldera, which
killed 2,300 people. The Campi Flegrei volcanic region is defined as a “restless caldera”, constantly
exhibiting eruptive, hydrothermic and seismic activity (McGuire et a l, 1995). Up to seven layers of
surface ash deposits in the Astroni crater, 2 to 3 cm in thickness, have traces of organic matter (Rosi &
Sbrana, 1987). The uppermost of these is also marked by the presence of holes left by the decomposition
of woody stems. This indicates that, at least in the crater’s early life, several eruptions have significantly
affected vegetation succession. Earthquakes and volcanic eruptions are stochastic phenomena, and cover
a significant area ( > ecoprovincial). Thus, the effects of any major activity on the Astroni crater would
be unpredictable and devastating.
Since the eruption of Monte Nuovo (1538 AD), the Campi Flegrei area has also been exhibiting
intense hydrothermal activity characterised by slow vertical movement of the ground (bradysism), most
recently in 1970-71 and 1982-84 (Berrino et al., 1987). This can sometimes result in a surface height
change of up to several hundred centimetres over a year. In the 1982-84 period of bradysism, the landsurface rose by 160 cm (Berrino et al., 1987). 15,000 minor earthquakes were recorded in the Camp
Flegrei over the period 1982-84, although occasionally, seismic activity would reach a peak of
magnitude 4 on the Richter scale (Barberi et a l, 1984). Although resulting in the gradual destruction of
man-made structures (the historic town centre o f Pozzuoli, the main town in the Campi Flegrei, had to
be abandoned), it is not known what the effects are on vegetation, especially on the root structures of
large trees.
3.5.1.2 Erosion
The loose matrix of ash and lapilli deposits can be easily eroded by Mediterranean torrential
rainshowers (Gokgeoglu, 1988). Deep gullies are present throughout the crater’s inner slopes and,
although seemingly stabilised under woodland cover, when this is removed, rapid erosion follows. A
landslide was observed on the steepest part (50°) of the eastern slope in 1998 covering an area of
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approxim ately 2 hectares (ecoseries) (Figure 3.5). The vegetation cover was originally dominated by
Quercus ilex. It is probable that landslides w ithin the Astroni crater are influenced by a com bination o f
earthquakes, friable bedrock, steep slopes and heavy rainfall. Once again, the occurrence o f landslides
could be considered as a stochastic event.

Figure 3.5: Landslide occurring within the Astroni crater in 1998.

The deposits at the base o f the crater are the result o f historic erosion o f the slopes and the base
o f the crater may have been significantly deeper. It is therefore probable that the crater’s base was
originally com posed o f a series o f m ajor lakes, similar to the crater lake o f A vem o, several kilometres
south-west o f Astroni. Erosion over the 4,000 year period may have choked the lakes and resulted in a
gradual replacement o f the lacustrine vegetation with woodland.
3.5.1.3 O ther sources o f natural disturbance
On very windy days people have heard trees crashing down and several visitors have sustained
injuries by falling trees (pers. com. Stefano Piciocchi). Tree-fall is therefore a com mon event in the
crater and may result from a com bination o f the shallow soils, wind pressure and m inor earthquakes.
Fire is also a major disturbance force but there have been no observations o f fires having arisen from
natural causes such as lightning. Since there are no large m am m als rem aining w ithin the crater,
vertebrate herbivory is not a m ajor factor in determ ining vegetation, although the effect o f small
herbivores (birds, small mammals and insects) m ay be significant in seed and seedling mortality.
Several Quercus robur and Quercus petraea seedlings have been observed covered in fungal growth and
it is possible that fungal attack may be determining the differential survival o f plant species w ithin the
crater.
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Figure 3.6: Fallen tree at the base of the crater.

3.5.2 Human Disturbance
3.5.2.1

Hi storic di st urbance
The greatest source o f inform ation on the crater’s hum an history is the geological treatise o f the

crater by De Lorenzo and Riva (1902), from which most o f the inform ation in this section has been
extracted. Other information was collected from interviews with locals and searches in state archives.
Known human involvement within the crater dates to Rom an tim es, w here in the 2nd century
A.D., Oribasio, the philosopher and doctor o f the rom an em peror Giulian, describes the A stroni crater as
being frequented for its sulphurous springs. These springs were still in use in the 13th century where they
are described by Pietro o f Eboli in his “Carmen de balneis P u teolanis” for their therapeutic properties.
By the 15th century the crater had become an important hunting preserve for the N eapolitan nobility, the
biographer Bartolomeo Faccio describing in great detail a hunting expedition by the N eapolitan king,
Alfonso I o f Aragona, in 1452. The latter also ordered the construction o f a ditch surrounding the crater
so as to prevent poachers from entering and fauna from escaping the crater. By the end o f the 17th
century the Neapolitan nobility had entered a period o f financial crisis and the crater was sold and
passed onto various private owners, including the Jesuit Order, before returning to the nobility in the
mid 18th century. During this period the crater was used as a source o f wood and som e parts may have
been cultivated. Once back in royal ownership, the crater becam e once again a hunting reserve, with
Carlo III di Borbone ordering the construction o f the tufa wall w hich still surrounds the crater today.
Information on the anthropogenic effects on the natural ecosystem during historical tim e is
poor. In “Istoria naturale della Campania sotterranea”, Niccolo Braucci (1767) describes Astroni as
containing four lakes, one o f which reached great depths. In 1787, the geologist Goethe still describes
Astroni as an active volcano, w ith boiling sulphurous springs surrounded by streams and lakes, and an
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impressive forest on the slopes of the crater. The draining of the nearby crater lake o f Agnano in 1870 to
increase arable land and to reduce the habitat for the Anopheles mosquito, host of the malaria parasite,
may have resulted in the extinction of the hot springs within the crater and a lowering of the water table.
By 1889, J. Logan Lobley reports the presence of only three pools at the base of the crater. The drop in
water table will have certainly changed the proportion of lacustrine to forested vegetation and may have
also changed the proportion of temperate deciduous species to Mediterranean evergreen species.
An extract from John Phillips' (1869) treatise on the Vesuvius describes Astroni in this way:
"Conspicuous among the old craters o f the Phlegraean fields is that o f Astroni, within
which is the Royal Caccia, or hunting-ground. Here, enclosed by a very steep ring o f rocks, 3V2
miles in circuit, wild boars and deer roam amidst forests o f oak and ilex, and slake their thirst
in small lakes half covered by water-lilies."
By the 20th century the power of the Neapolitan nobility had waned as a result of the integration
of the Kingdom of the Two Sicilies into a unified Italy. Although now under Savoian royal ownership,
hunting interest was reduced as a result of the better northern hunting reserves. The first king of Italy,
Vittorio Emanuale, even ordered the extirpation of the crater’s wild boars because of their “bad race”.
Instead, extensive logging of the crater’s secular trees was allowed to begin. The crater soon lost its
protection and poaching combined with illegal logging initiated the crater’s ecological decline.
3.5.2.2 Disturbance in the 20th Century
After the 1920s the crater entered a downward spiral of ruinous mismanagement, including
excessive wood extraction, military fuel depot, prison camp during the 2nd World War, quarantine
station for exotic animals destined for zoos (including wildebeest, eland and gazelles), a recreational
park, and from 1953 under coppice-with-standards management for wood production where many exotic
species were introduced, most notably the Red Oak (Quercus rubra). The planted zones are well defined
single species, even aged stands of Quercus rubra, Ostrya carpinifolia, Castanea sativa, Abies spp. and
Carpinus orientalis. These species were progressively planted within the last four decades, replacing
large tracts of deciduous oak stands or covering areas that had already been cleared. The coppiced areas
were subdivided into 14 zones which had a 10 year felling rotation for Castanea sativa stands and 15
years for other stands. Other ‘official’ management practices included the clearing of the shrub layer,
and allowing at least 200 standards to remain per hectare so as to allow the woodland to attain a highforest structure. There is little evidence to suggest that the latter management practice was practised, hi
fact, as soon as the Astroni crater was decreed a nature reserve of the state in 1987 and before WWFItaly could intervene, the bureaucrats of the Campania region quickly issued a licence to a private firm
for the logging of 232 large standard trees which were said to be ‘diseased or structurally damaged’.
Although the crater’s fauna was officially protected in 1969 by the Ministry of Agriculture and
Forestry, the last large mammal, a deer, was shot by poachers in the 1970s. In 1987 the Astroni crater
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was finally designated a “Nature Reserve o f the State” and is now managed by the Italian branch o f the
W orld-W ide Fund for Nature (W W F-Italy).
Concomitant with the internal changes o f the crater, the surrounding landscape has also
experienced a fundamental transformation. W ithin the last two centuries the natural vegetation o f the
Campi Flegrei has been controlled by m ajor drainage projects, m ost notably that o f the lake o f Agnano,
and clearance. The reclaim ed land was dedicated to agriculture for the supply o f fresh vegetables, fruit
and wine for the growing Naples population. In the last decades, especially after the devastating
earthquake o f 1984 and the construction o f the “Tangenziale di N apoli” - an eight lane motorway
linking the Campi Flegrei to Naples, the area has been subject to a phenom enal increase in urbanisation,
not all legal.

Figure 3.7: View into the Agnano crater from the outer rim of the Astroni crater.

Although there is legislation that prevents construction surrounding nature reserves o f the state,
the north, south and east facing external slopes o f the crater are now almost totally covered in asphalted
roads, private dwellings, restaurants and bars. The m ajority o f these did not have planning perm ission
when built. In 1993 the Italian state passed a law that allowed the legalisation o f illegally built structures
if a small fine was paid. Thus, it is now assumed that these houses will be a perm anent feature o f the
Astroni crater’s outer slopes. Many o f these houses have direct access into the crater since the peripheral
wall is now in an advanced state o f decay. The increase in hum an population has resulted in an
escalation o f arson, poaching and vandalism within the crater. The south facing inner slopes o f the
crater are now regularly burnt, m ost recently in 1998 (Figure 3.8). Used shotgun cartridges are
commonly found on the forest floor while rubbish is everywhere. Two supposedly stolen bum t-out cars
have been pushed over the edge o f the crater’s northern slopes.
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Figure 3.8: South facing slope of the Astroni crater showing sites which are regularly burnt.

Until recently, quarrying o f tufa from the crater’s north-west outer slope was a major activity.
However, mining was forced to stop when continued extraction would have resulted in the collapse o f
the north-east rim o f the crater. The quarrying has resulted in the destruction o f the Senga crater (see
circles north o f the Astroni crater in Figure 3.1), whose three concentric rims made it one o f the most
geom orphologically interesting o f the Campi Flegrei. This quarry has recently become a semi-legal
waste disposal site, bringing the associated problems o f pollution by toxic chemicals o f the aquifer and
the explosion in vermin populations, notably sea-gulls and feral dogs which frequently enter the Astroni
crater, threatening both the crater’s rem aining fauna and visitors. The author was tw ice surrounded by a
pack o f feral dogs while surveying and had to climb up a tree until they lost interest.
Other adverse effects on the natural environment resulting from illegal entry into the crater
include the abandonment o f unw anted pets. For example, a num ber o f red eared terrapins ( Trachemys
scripta elegans) were released into the Lago Grande. These have now grown to a considerable size and
are preying on the eggs and chicks o f the water-fowl.

3.6 The vegetation community
Astroni's vegetation presents a com plex zonation system characterised by a sub-M editerranean
deciduous com munity at the base o f the crater and a M editerranean evergreen com m unity on the slopes.
The com munities are further sub-divided into natural and planted. Disturbance at various temporal and
spatial scales present a further differentiation, with the invasion o f alien species adding a final level o f
complexity. Below is a brief description o f the crater’s vegetation com munity accompanied by a
vegetation map presented in Figure 3.9 (the vegetation map was produced by interpreting a 1:20,000
black and white aerial photograph o f the Astroni crater com bined with ground truthing). The description
is followed by the results and analysis o f a detailed vegetation field survey carried out in Spring 1995.
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Figure 3.9: Vegetation map for the Astroni crater.

3.6.1 Sub-Mediterranean deciduous community
a. Deciduous oak stand
This is the dominant vegetation type o f the lower depths o f the crater. This vegetation type is
probably a remnant o f the original forest cover o f the Campi Flegrei and is dom inated by large stands o f
Quercus robur and Quercus petraea. Other tree species include Fraxinus ornus, Ulmus minor, Corylus
avellana, A cer campestre, Carpinus betulus and Castanea sativa. The shrub layer is dominated by
Euonym us europaeus, Rubus ulmifolia and Ligustrurn vulgare. Other species include Sam bucus nigra
and Crataegus monogyna, with a few rare individuals o f M alus sylvestris, M espilus germ anica and
Prunus avium. The herbaceous layer is dominated by H edera helix, Milium effusum and two species of
Cyclamen: Cyclamen hederifolium and Cyclamen repandum. This vegetation type has a conspicuous
tree trunk cover by Hedera helix.
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The core area o f distribution is in the north-w estern quarter o f the crater base. Other parts o f the
crater base have remnants o f this vegetation type between the plantations. The presence o f a single
ancient Quercus robur tree situated on the north-eastern base o f the crater, with a circum ference at
breast height o f 4.5 m, testifies that the environm ental conditions, at least at the base o f the crater, can
be favourable to the establishment o f a deciduous oak forest o f great stature.

Figure 3.10: the last remaining ancient Quercus robur tree within the Astroni crater (its size can be
discerned when one compares it with the person standing at its base and the forest canopy behind).

The deciduous oak forest could be considered an azonal forest within the M editerranean. In
general, azonal forests are hygrophyllous com munities com posed o f the temperate species commonly
found north o f the M editerranean region (Quezel, 1977). These species include Populus alba, Fraxinus
excelsior, Quercus robur,

Quercus petraea, Alnus glutinosa, and particularly

in the eastern

M editerranean, Platanus orientalis and Populus euphratica (Polunin & W alters, 1985). These forests
are able to thrive in areas where the availability o f surface water throughout the summer period prevents
the species experiencing drought stress (Quezel, 1977). As a result, their faster growth rates, larger
stature and better competitive ability allow these species to outcompete M editerranean species. Sites with
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hygrophyllous forests include springs, riverine habitats and areas with a high water table (Polunin &
Walters, 1985).
b. Planted stands
These are well defined single species, even aged stands of Quercus rubra, Ostrya carpinifolia,
Castanea sativa and Carpinus orientalis. These vegetation types were planted within the last four
decades, replacing large tracts of deciduous oak stands, and were a relatively unsuccessful attempt in
transforming the Astroni crater ecosystem for wood production. The understory is very sparse, with
patches of Hedera helix and Milium effusum the most common herbaceous species. The Castanea sativa
coppice stand, found at the base of the south-western slopes o f the crater, has a unique herbaceous layer,
with Vinca minor and Dactylorhiza maculata having been observed only there. Castanea sativays
natural distribution is confined to non-calcareous sub-substrata between 200 and 1,500 m above sea level
(Horvat et a l, 1974), and the presence of the orchid species Dactylorhiza maculata within the Castanea
coppice may be an indicator of cooler conditions. Horvat et al. (1974) found that in sites where the leaf
litter is transformed slowly by microflora and fauna as a result of low air temperatures, the installation of
hemisaprophyte Orchidaceae usually occurs.
The Ostrya carpinifolia stand is found sandwiched between the Castanea sativa and the
Mediterranean evergreen vegetation. Ostrya carpinifolia is considered to be a sub-Mediterranean species
(Polunin & Walters, 1985). hi central and eastern Mediterranean, Ostrya carpinifolia, Carpinus
orientalis, and Fraxinus omus form a unique vegetation type which extends into the Mediterranean
mountainous regions of the Alps and Balkans. These forests are more thermophyllous than the forest of
Quercus pubescens and correspond to the temperate regions of the humid bioclimate (Qu6zel, 1977).
The Quercus rubra and Carpinus betulus stands are concentrated in the eastern half of the
crater’s base. These are temperate species, the former native to North America and the latter to central
Europe. The other planted species present within the crater include Abies spp., Pinus pinea and Populus
alba. Pinus pinea and Populus alba are found lining the path at the base of the crater, while Abies spp.
is restricted to two small areas not exceeding a total area of one hectare. Thus, these three species do not
play a significant role in the Astroni crater’s vegetation dynamics.
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c. Lacustrine vegetation
This type is restricted to the three lakes and is dominated by Salix spp. with Typha spp. and
Nymphae spp. present as water depth increases. The species show the various transitional stages towards
the development of a mire; as soil accumulates and the water-table falls below the surface of the soil,
Nymphae spp. are replaced by Typha spp., which in turn are replaced by Salix spp. (Polunin & Walters,
1985).
d. Sub-Mediterranean early successional
This is dominated by Rubus ulmifolius and Pteridium aquilinum with a few individuals of
Clematis flammula, Asparagus acutifolius and Smilax aspera. This vegetation type is found throughout
the base of the crater and its lower slopes, covering areas of up to one hectare. These ruderal
communities occupy areas which have been cleared, especially along the path margins, and free-fall
areas.
e. Sub-Mediterranean late successional
The two ubiquitous alien invasive species of Southern Italy, Robinia pseudoacacia and
Ailanthus altissima, are common within older disturbed sites. Acer campestre, Crataegus monogyna,
Sambucus nigra and Ulmus minor are locally dominant within small free-fall gaps. The shrub and
herbaceous layer have basically the same species that are found in the deciduous oak stands, although
the climber Bryonia alba can only be found in this vegetation type. This community has the same
pattern of distribution of the early successional vegetation type.
3.6.2 Mediterranean evergreen community
a. Quercus ilex stand
This is the most species poor and the most extensive vegetation type of the Astroni crater,
covering almost all of the higher elevations of the crater. Quercus ilex is almost the only free species that
occupies the canopy layer, with Fraxinus omus the common understory species. Surprisingly, only a few
rare individuals of Quercus pubescens have been found, whereas the nearby Solfatara crater has a
Mediterranean evergreen community which has co-dominance of both Quercus ilex and Quercus
pubescens. Ground cover is very scarce, with patches of Ruscus aculeatus, Milium effusum and Hedera
helix. Smilax aspera and Tamus communis are occasionally found on the free trunks.
Quercus ilex is very abundant in the whole of the western Mediterranean basin. In some places
in the north, it grows from sea-level right up to 1,000 m above sea level. It is concentrated mainly in the
cool, temperate and hot variants of the subhumid and humid zone, but can also extend into the cold
semi-arid and arid zones (Barbero et al., 1992). Quercus ilex has a very wide ecological amplitude, the
mature plant has been found to survive minimum temperatures down to -25°C (Larcher, 1973).
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However, Quercus ilex is limited in distribution by competition from deciduous species such as Quercus
pubescens and Ostrya carpinifolia in the colder regions, and more sclerophyllous oaks such as Quercus
calliprinos and Quercus coccifera in the drier zones (Barbero et a l, 1992). Quercus pubescens is
mainly found in the temperate and cool variant of the humid zone, but can thrive in the temperate and
cool parts of the subhumid zone in areas with deep soils which are not exposed to severe drought for
longer than a month (Qu6zel, 1977). In its natural range, Quercus pubescens extends from Catalonia in
the west to Greece in the east.
b. Macchia
This is the scarcest vegetation type of the Astroni crater, found only on the most exposed
northern slopes. The canopy in this vegetation type is very uneven, with Quercus ilex, Arbutus unedo
and Erica arborea the most frequent dominant species. Other shrub species include, Quercus coccifera,
Cytisus villosa, Calicotome villosa, Myrtus communis, Cistus spp. and Coronilla spp. The herbaceous
layer is dominated by grass (e.g. Bromus) and leguminous (e.g. Lupinus) species, with the
Umbelliferae family (e.g. Foeniculum.) also well represented.
This vegetation type is one of the most characteristic formations present in the Mediterranean
region. Sclero-thermophilous communities are principally found in the warm variant of the arid, semiarid and sub-humid zones (Tomaselli, 1981). In the northern Mediterranean, all sclero-thermophilous
plants grow only close to the coast, and in the southern Mediterranean, at not more than 300 m above
seas level (Qu6zel, 1981).
The frequency of anthropogenic disturbances within the Mediterranean region have created
degraded landscapes which are occupied by these sclero-thermophyllous species at all the successional
stages (Tomaselli, 1981). Their remarkable adaptation to stress and constraints (low trophic
requirements) classifies these species within the resistance plant strategists. Sclero-thermophyllous
shrublands can be divided into two physiognomic types according to height. The “maquis” is comprised
of evergreen shrubs and small trees over 2 m in height, while mid-height shrubs (0.6-2 m) comprise the
garrigue. The same species may be represented in all of these communities, the differences in size being
determined by growing conditions and disturbance frequencies.
c. Garrigue
The garrigue in the Astroni crater is restricted to the upper rim of the south facing slope where
repeated burning has removed almost all of the woody vegetation. The tree and shrub layer are absent,
while the herbaceous layer is comprised of over sixty species with a very heterogeneous species
distribution.
3.6.3 Astroni vegetation survey
In order to have a detailed undo-standing of the different vegetation communities, a vegetation
survey was carried out over a three month period from March to May, 1995. Lacustrine vegetation was
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omitted because of inaccessibility. A palaeo-palynological study was also attempted on sediments from
one of the crater's three lakes to reconstruct the vegetation history. The density of pollen grains was
found to be too low and no statistically significant quantitative information was discerned. On the other
hand, the highly stratified sediments were found to be almost completely composed of diatom skeletons
and a study of the latter may aid in the reconstruction of die crater’s environmental history in the future.
Spring was chosen for the vegetation survey since most of the plant species would be at their
greatest vegetative cover, being between the winter cold and summer drought periods. Sixty plots were
located so that the widest variations of vegetation and environmental characteristics within the crater
were included. A greater emphasis was placed on sampling of the natural vegetation communities as
opposed to the planted areas since the former had a greater species diversity, a higher structural
complexity and covered the most extensive area within the crater. As a result, a total of 38 plots were
sampled within die natural vegetation as opposed to, for example, only two plots in the Abies sp.
plantation.
The plot size, a square 25 by 25 meters, was chosen so as to represent the average tree-fall gap
size of Mediterranean/sub-Mediterranean woodland communities. This would hypothetically allow the
sampling of an area of vegetation which was homogenous in its dynamic stage. The plots were subject to
a succession of sampling techniques to determine the composition, abundance and structure of the plant
species in the herbaceous, shrub and tree layer. For the tree layer the following measurements were
taken for every individual plant above a circumference of 15 cm at breast height: species, circumference
at breast height, presence/absence of lianas (e.g. Hedera helix), whether it had sprouted from a coppiced
stump, whether it was alive or dead, and, if dead, whether die tree was still standing or had fallen to the
ground. For the shrub layer (plant individuals with a stem circumference below 15 cm at breast height
and a height above 1.5 m) the following measurements were taken within the same plot: species, height,
average diameter of crown viewed near the stem at ground level, and whether it was dead or alive. If the
density of shrub individuals was estimated to exceed the arbitrary value of 80 within the plot, the pointcentred quarter method (a plotless sampling technique) was used to estimate species densities (Cottam &
Curtis, 1956) (Figure 3.11). The plot was divided into approximately twenty equal units and a random
point was selected within each of these units. Four quarters were established at each point through a
cross formed by two lines. One line was the compass direction and the other a line running
perpendicular to the compass direction through the sampling point. The distance to the mid-point of the
nearest shrub from the sampling point was measured in each quarter and the shrub measurements
described earlier were taken. For the herbaceous layer (plants below a height of 1.5 m) ten randomly
located 2 by 2 metre quadrats were sampled within the same plot for species percentage cover. Table 3.6
and Table 3.7 give a summary of the vegetation study results.
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Figure 3.11: The point-centred quarter method of plotless sampling.
Vegetation Plots
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Type
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Abies sp.

2

Carpinus
betulus
Castanea
sativa
Garrigue

4

Ostrya
carpinifolia
Quercus
ilex
Q. robur I
petraea
Quercus
rubra
Ruderal

4

3
4

20
18
2
4

Plot
Height
A.S.L. metres
(St. Err.)
41.5
(5.3)
32.75
(3.62)
43.33
(2.56)
124.5
(16.25)
116
(11.75)
85.45
(10.69)
39.78
(2.55)
21.5
(1-06)
79.25
(31.43)

Plot
Slope

Live Tree Dead Tree Live Shrub Dead
Average
Shrub Herbaceous
Basal Area Basal Area Density cm^m'2
Density Cover - %
-c m V 2
#/m2
degrees
(St. Err.) (St. Err.) (St. Err.)
# m '2
(St. Err.)
(St. Err.)
(St. Err.)
0.12
2.5
44.55
3.99
116.39
0.06
(0.01)
(4.25)
(1.88)
(0.03)
(5.00)
(1.77)
8.5
30.01
2.95
0.02
0.09
111.71
(2.5)
(0.99)
(0.01)
(0.03)
(9.23)
(1.66)
17.67
20.36
2.03
0.18
0.16
139.26
(3.21)
(0.54)
(0.62)
(0.03)
(0.04)
(10.45)
1.44
33.25
0.48
0
0.11
146.23
(0.36)
(0.26)
(0.02)
(2.96)
(4-18)
(-)
40.25
24.20
1.82
126.5
0.50
0.09
(5.70)
(0.04)
(7.02)
(8.68)
(0.86)
(0.07)
26.7
4.37
0.04
81.91
27.69
0.29
(1.62)
(2.45)
(0.72)
(0.03)
(0.01)
(7.11)
0.02
8.06
28.78
3.87
0.35
134.58
(2.12)
(1.69)
(0.76)
(0.04)
(0.003)
(3.73)
0.04
0
29.86
6.03
0.30
113.65
(5.52)
(4.26)
(0.03)
(10.57)
(0-12)
(-)
11.5
125.17
0
2.07
0
0.01
(16.34)
(7.12)
(0.01)
(1.27)
(-)

Table 3.6: Vegetation communities summary results of plot sampling within the Astroni crater
(standard error value in brackets).
Vegetation
Type

Tree Species
Diversity

Shrub Species
Diversity

Herbaceous
Species
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Trees with
Hedera helix -

Trees
Coppiced -

Abies sp.
Carpinus
betulus
Castanea
sativa
Garrigue
Ostrya
carpinifolia
Quercus
ilex
Q. robur /
petraea
Quercus rubra

(St. Err.)

(St. Err.)

0.76
(0.29)
0.70
(0.25)
0.64
(0.25)
(-)
0.57
(0.22)
0.39
(0.06)
1.26
(0.08)
1.00
(0.15)

0.56
(0.10)
0.91
(0.23)
1.62
(0.08)
(-)
0.47
(0.07)
0.74
(0.08)
1.26
(0.06)
1.08
(0.01)

(-)

(-)

Ruderal

-

Diversity
(St. Err)
2.00
(0.38)
1.14
(0.11)
1.60
(0.14)
1.86
(0.21)
1.60
(0.13)
1.61
(0.07)
1.60
(0.05)
1.52
(0.40)
1.12
(0.22)

%
(St. Err.)
62.62
(23.4)
72.67
(7.31)
70.98
(5.09)
(-)
27.16
(16.42)
12.75
(3-12)
63.02
(4.59)
44.04
(7.57)

%
(St. Err.)
9.8
(4.85)
49.45
(12.36)
47.61
(18.32)
(-)
36.84
(18.42)
23.68
(4.80)
29.46
(4.68)
15
(1.17)

-

-

(-)

(-)

Table 3.7: Vegetation communities summary results of plot sampling within the Astroni crater
continued (standard error value in brackets).

Species basal area values for the tree layer, species density values for the shrub layer and
average percentage cover values for the herbaceous layer were then investigated using multivariate data
analysis techniques. The data was ordinated using Detrended Correspondence Analysis (DECORANA)
(Hill & Gauch, 1980) and classified using Two-Way Indicator Species Analysis (TWINSPAN) (Hill,
1979; Gauch & Whittaker, 1981).
3.6.3.1 Tree data analysis
Figure 3.12 shows that the first axis in the ordination of the tree data separates the species
according to their tolerance to drought/high temperatures, with the most xerophyllic Mediterranean
species (Quercus coccifera, Erica arborea, Arbutus unedo and Quercus ilex) tightly grouped to the left
of the graph. This group of species is also apparent in the second division within the TWINSPAN
classification. Figure 3.13 shows that all the plots characterised by these species are closely distributed
on the left-hand side of the graph, clearly distinguished from the other plots. The 2nd, 3rd and 4th axis in
the ordination (Figures 3.13 and 3.14) do not show any further gradient within this grouping.
Characteristic of the Quercus ilex dominated community is its low tree diversity (Shannon-Wiener
diversity index of 0.39) with the tree layer almost totally represented by Quercus ilex and a sub-canopy
layer of Fraxinus omus. Arbutus unedo, Erica arborea and Quercus coccifera are present only in more
open areas with high slope angles or with tree-fall gaps. There is also evidence of coppicing within this
vegetation type, with an average o f 23.68 % of trees having arisen from a coppiced stool. A low
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proportion of these trees have Hedera helix growing on their trunks (12.75 %) which is potentially an
indicator of the aridity of the environment in which tins vegetation community grows.
The plots found at the base of die crater, on the other hand, are extremely diverse, not only in
the distinction between die various planted areas but also within the natural deciduous woodland. The
first axis on Figure 3.12 emphasises the Mediterranean/temperate gradient, with the more xerothermophyllic species (e.g. Fraxinus omus) found on the left-hand side and the more xero-thermophobic
species (e.g. Populus tremula) found on the right-hand side. It is interesting to note that the planted
temperate tree species that are least tolerant to drought and high temperatures (Carpinus betulus and
Quercus rubra) are found in the lowest plots, with heights above sea level averaging 32.75 m and 21.5
m respectively, whereas the plots of the typical sub-Mediterranean species, Ostrya carpinifolia, have the
highest average height above sea level (value of 116 m) (Table 3.6). Mespilus germanica is placed with
the Mediterranean species although this species is more commonly found associated with temperate
communities. This species was only found in one plot as a tree and the individual is probably at the
limits of its range.
A significant absence as a dominant tree species within the Astroni crater is Quercus
pubescens. This species occupies the Mediterranean to temperate transition zone, replacing Quercus ilex
and in turn being replaced by temperate species, such as Quercus robur and Fagus sylvatica, as the
climate becomes cooler and wetter (Qu6zel, 1977). Thus, one would expect a zone with a high
proportion of Quercus pubescens between the Mediterranean and temperate communities within the
Astroni crater. This is not the case. It is possible that Quercus pubescens had been removed in the past
and that in the pure Quercus ilex woodland the process of substitution of Quercus ilex by Quercus
pubescens has become impossible as a result of low light intensity. For example, in very old, high,
anthropogenic Quercus ilex forests (150 years old and older), the development of the tree architecture
favours light penetration and makes the regeneration of Quercus pubescens (the original species)
possible (Miglioretti, 1987). However, it is also possible that temperatures within the crater may not be
low enough to favour Quercus pubescens.
The second axis on Figure 3.12 differentiates the temperate species according to different lifestrategies, with the top most species (Ailanthus altissima, Ulmus minor, Euonymus europaea, Robinia
pseudoacacia and Sambucus nigra) the more r-selected species favoured in early succession, while the
species found at the bottom end of the graph (Quercus robur, Quercus petraea, Castanea sativa,
Corylus avellana, Sorbus domestica and Ostrya carpinifolia) are those commonly found in established
woodlands. The plot ordination and classification distinguishes the planted Ostrya carpinifolia (bottomend), planted Carpinus betulus and Quercus rubra (right-hand side), and early successional plots and
planted Abies sp. (top-end). The Abies plots are placed at the top-end of the graph probably because of
the old age of the stands (achieving the highest average basal area of all the plots: 41.5 cm2m'2) allowing
early successional tree species {Sambucus nigra and Robinia pseudoacacia) to invade the understory as
the older trees loose their lowest branches. The 3rd and 4th axis of both the plot and species ordination
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(Figures 3.13 and 3.14) do not show any significant groupings with all the tem perate species spread
around the core o f M editerranean species at the centre o f the graphs. This m ay be attributed to the high
species diversity at the base o f the crater as a result o f diverse planting, logging rotation and different
stages in succession.
For the plots at the base o f the crater, the planted plots have the low est diversity (Table 3.7)
principally as a result o f the planting o f mono-species, even-aged stands, whereas the natural deciduous
oak plots have the highest tree diversity, reaching a Shannon-W iener value o f 1.26. All the plots show
evidence o f coppicing, although the high percentage o f trees originating from coppiced stools found in
the Castanea sativa (47.61 % ) and Carpinus betulus (49.45 % ) plantations indicate that these vegetation
communities were regularly and extensively coppiced. The other vegetation types showed lower
coppiced trees percentages, ranging from 15 % in the Quercus rubra plantation to 36.84 % in the Ostrya
carpinifolia plantation. These may have been managed m ore for the production o f large logs with
occasional coppicing o f species such as Fraxinus ornus, a species w hich is found in many o f these plots
and w hich readily resprouts after cutting.
H edera helix is found on a significantly higher proportion o f trees in the deciduous
com munities when com pared to the Quercus ilex dom inated vegetation com m unity, reaching a
m axim um o f 72.67 % o f trees in the Carpinus betulus plots. The lowest value for the deciduous
com m unities is found in the Ostrya carpinifolia plots (27.16 %) which may be a result o f the their
higher elevation and thus dryer environment. The basal area values o f dead trees show no distinct
differences between the vegetation types with average values ranging from 2.03 and 6.03 cm2m '2.
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3.6.3.2 Shrub data analysis
The shrub data ordination and classification also distinguishes the xero-thermophyllic
M editerranean species (left-hand side o f Figure 3.16) from the temperate species (right-hand side) on
the first axis. The first axis further differentiates the temperate species into r-selected (Sambucus nigra,
Robinia pseudoacacia, Ailanthus altissima, Ulmus minor, A cer cam pestre and Euonym us europaeus) on
the right-hand side and mature woodland species (e.g. Corvlus avellana) at the centre o f the graph. The
second axis seems to separate the M editerranean species in a sim ilar way, with Q uercus ilex found at the
base o f the graph and garrigue/m acchia species at the top. The temperate species have a more
ambiguous differentiation on the second axis, although all the planted species (Quercus rubra, Carpinus
betulus, Ostrya carpinifolia and Castanea sativa) are found at the base o f the graph, whereas the
"native" species (Quercus petraea and Quercus robur) and found at the top o f the graph.
The third axis (Figure 3.18) further em phasises the garrigue to m acchia to m ature Quercus ilex
gradient, while there is no clear gradient within the tem perate species. M espilus germ anica and Corylus
avellana are outliers on this graph, probably as a result o f their rarity.
Interestingly, the majority o f plots within the Ostrya carpinifolia plantation are grouped with
the Quercus ilex plots (Figure 3.17). This indicates that the understory within the Ostrya carpinifolia
vegetation com munity is mostly o f M editerranean species. The high elevation o f the site m ay therefore
favour more xero-thermophyllic species compared to all the other areas dominated by deciduous species
which are found lower down the crater. This may also indicate that the Ostrya carpinifolia plantation
will eventually revert to Quercus ilex dominated vegetation community. The O strya carpinifolia plots
also have the highest shrub densities (0.5 shrubs m '2) and a proportionately low density o f dead shrubs
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(0.09 dead shrubs m '2) which m ay be a result o f the steepness o f the site (average 40.5°) allowing more
light to penetrate the canopy. The low shrub diversity in the Ostrya carpinifolia plots (Shannon-W iener
index o f 0.47) is probably a result o f Quercus ilex being the only M editerranean species within the crater
that can grow under a woodland canopy.
The Quercus ilex plots, although having a sim ilar species com position to the Ostrya
carpinifolia plots, have a significantly lower density o f shrubs (0.29 shrubs m 2) which can be directly
attributed to the evergreen and dense nature o f the Quercus ilex canopy which reduces the am ount o f
light in the sub-canopy.
The Carpinus betulus plots have the lowest shrub densities (0.02 shrubs m 2) and a
proportionately higher density o f dead shrubs (0.09 dead shrubs m~2). This m ay have arisen from the low
sub-canopy light intensity as a result o f the evenness o f the canopy (all the Carpinus betulus trees are o f
the same age), the high density o f Carpinus betulus foliage and the gentle plot slopes (8.5° average).
The highest shrub species diversity is found in the deciduous plots, with Castanea sativa and
deciduous oak plots reaching Shannon-W iener index values o f 1.62 and 1.26 respectively. An indication
o f the more favourable conditions for shrubs in these plots is the larger proportion o f live to dead shrubs
(0.3 live to 0.04 dead shrubs m '2 in Quercus rubra plots and 0.35 live to 0.02 dead shrubs m '2 in
deciduous oak plots).
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3.6.3.3 Herb data analysis
The herb data ordination and classification once again em phasises the differences between the
M editerranean and temperate com munities. In addition, there is a new distinction w ithin the herbaceous
ordination and classification where a differentiation is apparent between M editerranean herbaceous
garrigue species (right-hand side o f Figures 3.20 and 3.21) and M editerranean macchia/{7u<?rt'u.v ilex
woodland species (top). The great contrast in the herbaceous layer between these communities can be
seen by the extremes in herbaceous cover. There is a decrease from an average value o f 146 % in the
garrigue plots (the highest average o f all the vegetation com munities) to an average value o f 82 % in the
Quercus ilex woodland (the lowest average of all the vegetation com m unities) (Table 3.6). The few
species that characterise the Quercus ilex woodland include Asparagus acutifolius, Coronilla spp.,
M yrtus communis, Quercus coccifera and mosses (Bryales spp.). In fact, there seems to be more affinity
between the garrigue and ruderal plots, w ith a group o f species/plots representing ruderal sites situated
at the centre o f the figures between the woodland and garrigue sites.
The herbaceous layer o f the deciduous woodland is dominated by H edera helix, M ilium effusum
and two species o f Cyclam en: Cyclamen hederifolium and Cyclamen repandrum. Rubus ulmifolius is the
dominant plant species within the ruderal sites while there are no overall dom inant species within the
garrigue. Species diversity is high throughout the different vegetation com munities, with ShannonW iener index values ranging from 1.12 to 2.00 (Table 3.7). The high standard error values for the
diversity results does not allow a more significant in-depth analysis between the different vegetation
communities.
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3.7 Nature conservation and the Astroni crater
From 1889 to 1976, seven species of birds and one species of mammal have become extinct in
Italy (Massa & Mingozzi, 1991). As opposed to Great Britain, where conservation lobbies have been
established for well over a century, Italy has been slow to respond to its environmental and ecological
degradation. In fact, it has been left to international organisations to try and establish non-governmental
conservation bodies within the country. The World-Wide Fund for Nature in Italy (WWF-Italy) was
established in 1966, and by 1999 had achieved 300,000 members, thus becoming Italy’s largest
organisation for nature conservation. Although the Astroni crater is owned by the Campania regional
state authority, it is managed by WWF-Italy. It is therefore necessary to analyse WWF-Italy’s role in
nature conservation in Italy. What follows is brief description of WWF-Italy extracted from its web site.
As opposed to the role of WWF in Great Britain, WWF-Italy is directly involved in the
management of natural areas. By 1999, WWF-Italy has been involved in the management of 81 nature
reserves covering a total area just under 30,000 hectares: 18,488 ha are managed directly; 11,141 ha are
managed in collaboration with public and/or private entities. WWF-Italy actually owns 11 reserves
covering an area of 6,256 ha. An agreement with various private and public enterprises will enable
WWF-Italy to manage 100 nature reserves by the year 2000.
The nature reserve management objectives stated by WWF-Italy are:
1. the conservation of representative ecosystems, especially those that are under threat and/or those
which are rare. The ecosystems that have been prioritised for conservation are wetland, coastal,
lowland woodland, montane and marine. Most significantly, WWF-Italy manages 12,660
hectares of wetlands, of which ten reserves are classified as of international importance under
the 1971 Ramsar convention. WWF reserves protect over 100 rare species of which 17 are listed
within the IUCN Red Data Book.
2. educating the public towards the conservation of nature. Almost all of the reserves have centres,
paths and hides for nature observation, aided by educational material on display. Guided tours
by qualified staff are also routinely available for schools and tourists. There are 300,000 visits to
the WWF reserves each year.
3. the development of scientific techniques for conservation and sustainable use of natural
resources. This includes encouraging land-use techniques in areas surrounding the reserves that
is more compatible with the conservation of the ecosystems within the reserves, and sustainable
harvesting of natural resources such as fish stocks.
4. the development and application of techniques for nature reserve management. One of the main
objectives of WWF-Italy's ecosystem management is to restore areas to their original natural
state, including the reintroduction of locally extinct species.
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Since 1966, WWF-Italy has spent 50 billion Italian lira (approximately worth £ 18.5 million in
1999) in its conservation and education work and is currently staffed by 170 people (including
volunteers). The yearly management cost for the reserves is currently 2.7 billion Italian lira
(approximately £ 1 million).
In the region of Campania, WWF-Italy manages eight nature reserves, either directly or in
collaboration with public / private organisations, covering a total area of 1,542 ha (Table 3.8).

Nature Reserve Title
(location)
Oasi di Persano
(Salerno)
Riserva Naturale del Cratere degli
Astroni (Napoli)
Parco del Monte Polveracchio
(Salerno / Avellino)
Oasi del Lago di S. Silvestro
(Caserta)
Oasi di Diecimare
(Salerno)
Grotte del Bussento
(Salerno)
Bosco Le Tore
(Napoli)
Parco Monumentale di Baia
(Napoli)

Year
established
1981

Area
(ha)
110

Management

Habitat type

Direct

Wetland

1987

247

Direct

Woodland

1988

650

Direct

Montane

1993

76

Direct

Woodland

1994

220

Collaboration

Mixed

1995

207

Direct

Mixed

1995

20

Collaboration

Woodland

1995

12

Collaboration

Mixed

Table 3.8: Nature reserves managed by WWF-Italy in the region of Campania.

The Astroni crater, whose official title is “Nature Reserve of the State” is the second largest.
The conservation importance of the reserve is ambiguous. Apart from the tree species which have been
described already, little is known about the composition of the herbaceous and epiphytic flora. A survey
of fungi in the reserve carried out by Francesco Bellu identified 83 species, of which five are of
significant conservation interest: Cystolepiota custophora, Gymnopilus bellulus, Lepiota forquignonii,
Leucoagaricus medioflavoides and Russula subazurea (Francesco Bellu, pers. com.).
Between 1987 and 1995, 104 bird species have been observed in the crater (Stefano Piciocchi,
pers. com.). The high species counts may be partially a result of Stefano Piciocchi’s exceptional skills as
an ornithologist. He is one of the reserve’s wardens and a renowned ornithologist throughout Italy. The
Mediterranean region is crossed each spring and autumn by millions of birds migrating between Eurasia
and Africa, with the Italian Tyrrhenian coast considered to be one of the most important corridors for
migration (Moreau, 1972). In total, the Mediterranean region has 335 species of breeding birds as
compared to 419 for the whole of Europe (Voous, 1960). Thus, just under a third of all Mediterranean
species are nesting or have passed through the Astroni crater in the last decade. Many of these species
are ubiquitous in the Mediterranean. In a study by Blondel (1985), 19 out of the 20 species he identified
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in a Quercus ilex woodland in Provence, and 18 of the 19 species he identified in a similar woodland in
Corsica, are present within the Astroni crater. While all the large mammals within the crater have been
exterminated, there is still a varied non-avian vertebrate population. 28 species have been observed
within the crater in the last decade (Stefano Piciocchi, pers. com.).
The current management policy is "non-intervention", principally dictated by an absence of
information and lack of scientific direction. At great expense, attempts have been made by WWF-Italy to
dredge Lago Grande to increase the water surface area so as to attract wildfowl. It is interesting to
observe the great expense WWF-Italy is undertaking for such a small area, while little is done to protect
the reserve from the incursion of feral animals, poachers, vandals and arsonists, and illegal urbanisation
and dumping on its outer slopes. The lake has been gradually silting up as a result of erosion and the
invasion of lacustrine vegetation, most notably Salix spp. which now cover over 80% of the lake’s
surface area. With the present siltation rates, it is probable that the lake will naturally disappear in a
couple of decades anyway.
The crater’s small size means that its role in sustaining viable populations o f animal species
would be heavily dependent on conservation of other fragments within the Campi Flegrei region. When
analysing the role of the Astroni crater within the Campi Flegrei, one could consider the crater as a
woodland island surrounded by an expanse of urbanised land. Surrounding the crater there are some
fragments of natural and semi-natural agricultural vegetation left on the western outer slopes, which, for
the moment, are able to connect the Astroni crater to other large semi-natural areas such as the Solfatara
crater and the American military recreational park in the Gauro crater.
The most significant contribution of the Astroni crater to conservation is certainly in research
and education. Up to 50 school children are given a guided tour of the reserve a week and the site is
open to the public during most weekends. Its proximity to Naples, a sprawling urban landscape
exceeding five million people, implies that the crater has potential for greater development in the area of
conservation education.
The complex environmental determinants and intense human pressures that have created and
control the Astroni ecosystem, make the crater an excellent site for the development of techniques and
procedures for nature conservation, and for the study of ecology. Its greatest advantage is certainly its
small size, enabling rapid access and measurement of all the various environmental and vegetation
states.

3.8 Hierarchical patch dynamics and model prerequisites
Table 2.3 has shown the influence of landscape properties on the five major ecosystem
determinants within the Mediterranean and how they vary in time and space. By comparing the
prerequisites of biophysical modelling of the Astroni crater to Table 2.3, one can identify the landscape
properties that have to be considered and the temporal and spatial scales at which they will have to be
modelled.
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3.8.1 Model temporal prerequisites
A model has to be created that would be able to simulate the historical transformations the
crater has been subjected to, especially the effects of logging and plantations. This has occurred
intensively over the last 100 years. Thus, one is trying to predict changes at the temporal micro-scale i.e.
below the 1000 year resolution. The prediction of vegetation dynamics requires even greater time-scale
resolutions. Table 2.3 indicates that up to a monthly resolution would be required. The output of the
vegetation dynamics model has to be detailed enough to link with other models, such as fire behaviour
and fauna habitat availability models. The temporal range in these cases range from months to seconds.
Environmental factors, such as air temperature, precipitation, solar radiation and air mass movement,
also have temporal variations that can be measured in seconds. A decision has to be made between
increasing accuracy and increasing complexity. Modelling at higher and higher temporal resolutions
becomes increasing complex. Thus, a temporal resolution of one month has been chosen as the
compromise value.
The stochastic/deterministic aspect of modelling must also be considered. There is no available
data for modelling the stochastic variability of ecosystem determinants within the crater. Thus, a
deterministic approach will be taken in ecosystem determinants modelling using algorithms from the
literature. The modelling of vegetation dynamics will incorporate stochastic algorithms for the
simulation o f plant establishment and death.
3.8.2 Model spatial prerequisites
Although the Astroni crater’s natural vegetation has been extensively modified both with the
planting of alien tree species and by logging, there is evidently an overriding environmental gradient
that determines the present distribution of plant species. The vegetation survey has shown that die
Astroni crater's native vegetation can be divided into two distinct communities: the sub-Mediterranean
deciduous woodland, the principal vegetation type of the lower depths of the crater; and the
Mediterranean Quercus ilex woodland, dominating the higher elevations. The vegetation survey shows
that there is a sharp gradient between the two vegetation types, with sudden changes in species
composition. A model of the crater's environment and the vegetation dynamics model ought to have a
high enough resolution to realistically simulate the location of this ecotonal boundary.
The spatial resolution has to be fine enough to differentiate between different vegetation
dynamics stages so as to take into account the different successional stages within the crater and the
niche requirements for animal species. The ability to link the vegetation dynamics model to models that
could simulate the spread of wildfires and identify areas of high fire risk will be important components
of a future Decision Support System for the nature reserve. This will involve high resolution vegetation
dynamics and environmental models to predict dead biomass build-up and dryness indices. Once again,
a compromise between increasing accuracy and increasing complexity has to be found. In this case, the
ecotope spatial scale has been chosen as the compromise value.
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The upper limit to the spatial resolution is considered to be the actual size of the Astroni crater
nature reserve i.e. 247 ha, which is within the ecosection spatial scale. However, the modelling system
has to be able to link with models of higher spatial scales, such as hydrological models of the Campi
Flegrei region to predict the effects of changes in water-table depth as urbanisation continues (ecoregion
spatial scale), and climate models to predict the effect of human induced climate change (ecozone).

3.9 Model software
A fundamental objective of the present research was to establish a framework for the
development of a computer-based tool for nature reserve management that was inexpensive, userfriendly, and able to execute realistic simulations of vegetation change under different management and
historical scenarios. The specific requirements for this software were (in order of importance) :low cost;
capacity for programming logical and mathematical algorithms; user-ffiendliness; ability to handle and
visualise spatial data; ability to handle and visualise management and historical scenarios; low memory
requirements; ability to be updated and expanded. The following describes the different options
investigated and the resulting software solution.
3.9.1 Programming requirements and options
FORTRAN (FORmula TRANslator) was the first and is still the most widely used language for
numerical calculations. It is an efficient non-recursive language to use and the scientific community
still regards FORTRAN as the only true high level model development language. The first models of
vegetation dynamics, were coded in FORTRAN (Botkin et al., 1972), although subsequent models of
vegetation dynamics have explored alternative programming languages for a variety of reasons. One of
the most advanced to date is Bugmann's (1994) use of the RAMSES modelling and simulation software
(Fischlin, 1991) based on the Modula-2 programming language (Wirth, 1985). The central concept of
programming in Modula-2 is the module format, which may be used to encapsulate a set of related
subprograms and data structures, and restrict their visibility from other portions of the program. This
system has been found to be very efficient in modelling natural systems as each process can be
programmed separately and accessed when needed by a central "management" unit (Fischlin, 1991).
This results in parsimonious use of computer memory and high calculation speeds. Modula-2 was
originally regarded as Pascal's successor, but the growing popularity of object-oriented programming
(Visual BASIC and C++) has now seen its usage decline. Visual Basic is the latest in the long
evolutionary line from BASIC (Beginner's All-purpose Symbolic Instruction Code). BASIC is not so
much a language, as a family of languages. Originally developed by John Kemeny and Thomas Kurtz
at Dartmouth College in 1963, it was designed for quick and easy programming by students and
beginners. BASIC was the only language that could be implemented on the early microcomputers, and
quickly became ubiquitous. Bill Gates and Paul Allen wrote their first BASIC interpreter in 1976 for
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the MITS Atari, and its descendants have set the de facto standards on a wide range o f machines ever
since.
For the objectives of die present research, it was essential that a programming framework was
made available within the management tool so that the manager would be able to customise and update
the software as more was known. A survey of the costs of programming software showed that they
varied from £ 450 to £ 1,000. This automatically excluded all current stand-alone programming
software since costs had to be kept at a minimum. Another concern was the complexity of the software,
with most requiring an average of 80 man-hours for basic programming skills to be learnt. It is
improbable that most reserve mangers would have the time and interest to learn complex programming
languages.
3.9.2 Geographical Information System requirements and options
A fundamental requirement for the modelling is a spatial database for integrating the various
physical, environmental and ecological aspects of the Astroni crater. A spatial database of the reserve
would also provide readily accessible information and a monitoring tool for the nature reserve manager.
Thus, a system was required to provide a framework within which spatially referenced data could be
incorporated, analysed, visualised and stored. Digitised cartography and Geographical Information
Systems (GIS) are rapidly advancing technologies which can meet these requirements (Di Castri &
Hadley, 1988; Star & Estes, 1990). GIS usually contain both geometry data (co-ordinates and topological
information) and attribute data i.e. information describing the properties of geometrical objects such as
points, lines and areas (Nyerges, 1993).
When developing a GIS for ecosystem modelling, one must consider the undefined spatial
boundaries of ecosystems and their processes, since ecotones between ecosystems are rarely distributed
over short distances (Franklin, 1993). However, modelling of ecosystems cannot be considered without
some sort of artificial boundary (Toman & Ashton, 1996) since human actions have to be defined by
both spatial and temporal limits (Dale & Rauscher, 1994). Of importance is the acknowledgement that
these boundaries are artificially constructed so as to facilitate modelling while at the same time
incorporating the significance of inputs and outputs to the ecosystem units across these boundaries, and
variations of biotic and abiotic factors within these units. Examples of fluxes across boundaries would be
populations of organisms, propagules, water, nutrients, and gases.
Within a GIS, each spatial variable represents a 'data plane1. The structure of these data planes
can take two forms: vector, based on lines and polygons; or raster, based on a matrix of points (Baker,
1985). Raster data allows for a much greater representation of variable classes, although in situations
where environmental variability is low, vector structured data would occupy considerably less computer
memory (Star & Estes, 1990). The topographical heterogeneity within the Astroni crater, and the
resulting variability in environmental conditions, combined with the necessity to provide the vegetation
dynamics and environmental models with gridded data makes it necessary to have a raster based GIS.
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There are several raster based GIS packages available, including ARC-INFO and EDRISI.
These are far too complex, very expensive to buy (four figure sums) and require immense
computational capacity (Turner, 1989). To master these programs would necessitate approximately six
months of intensive training. Once again, the option to incorporate specialist software had to be
excluded from the software framework of the present research.
3.9.3 Expert systems requirements and options
The final requirement for the model was the ability to incorporate an expert system. An expert
system is a computer program that contains a knowledge base of scientific expertise (Noble, 1987). A
set of algorithms or rules are then programmed to infer new facts or solve problems from this
knowledge and from incoming data. The degree of problem solving is based on the quality o f the data
and rules obtained from the decision makers. The assumption is that enough expertise is incorporated
within the knowledge base that the system will perform well above that of an individual manager. The
expert system derives its answers by running the knowledge base through an inference engine, a
software program that interacts with the user and processes the results from the rules and data in the
knowledge base. Expert systems have been used for supporting decision making in rangeland
management (Ludwig, 1991; Stafford-Smith & Foran, 1991) and in wildfire management (Davies et al,
1986; Pivello & Norton, 1996), but to date there have been no significant expert systems solely
dedicated to nature reserve management.
For the Astroni vegetation dynamics model, a simple expert system was necessary for
interpreting the management and historical scenarios. For the development of an expert system, a
software tool had to be able to provide easily accessible input facilities for entering the knowledge base
and for querying the system, with clear output facilities for displaying the query results.
3.9.4 User-interface requirements and options
An important component of any model is the user interface, which allows the user to
communicate with the system for inputting appropriate parameter values, receiving output, and
performing any intermediate steps. The user-interface plays a key role in facilitating the perceptual
understanding and appreciation of a model. The user-interface has to address two objectives: the first is
interactive visualisation for exploring the model, and calibrating and refining its premise, and the
second is static visualisation, for basic communication of results. The user of the Astroni model should
not be in direct contact with the programming language during routine use but should be operating the
software through a series of icons which will control the model’s functions, from selecting, for
example, the management strategy for simulation to accessing the mapped results of the simulation.
With recent developments in three-dimensional modelling, photorealistic scene rendering and
animation, the potential in visualising results by linking the Astroni model with other software are
considerable. All of this could be beneficial to the interpretation operations since the understanding of
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this highly complex model without a user-friendly visual aid would probably put it out of reach of most
reserve managers. The complexity and time involved in importing and exporting data from separate
visualisation software units precludes the use of such an approach. Thus, the options for developing
visualisation within the actual programming tool are highly dependent on the software framework
available. For example, many programming software have very rudimentary visualisation tools (e.g.
FORTRAN) while object-oriented programming languages such Visual BASIC could create very
sophisticated visualisation structures.
3.9.5 The solution: Microsoft Excel
It was decided to investigate whether a system with all die above requirements could be set up
within Microsoft Excel (Version 7). Excel is one of the most common software packages currently
found on personal computers and it follows that a reserve manager would almost certainly already have
Excel installed on his/her computer, thus avoiding the need to buy any expensive software. Excel's
ability to provide user-friendly interfaces through the "Dialog" format, programme through the
"Module" format and create databases within the "Worksheet" format made it ideal for the research
objectives. Figures 3.24 to 3.27 show the different capabilities of Microsoft Excel extracted from the
actual working software called ASTROMOD (ASTROni MODel).
Probably the most significant breakthrough was the ability to represent raster images within
the "Worksheet" format (Figure 3.27). A highly successful attempt to create a low-cost GIS that could
handle complex data structures and interactions at the Department of Geography, University of Rio de
Janeiro, was the inspiration for the establishment of a GIS integrated within ASTROMOD. Worksheet
cells were reduced to 1.4 by 1.4 mm size and a programme was written that would change the colour of
each cell according to the value present within the database. The database includes x and y spatial co
ordinates for each cell which allows detailed maps of all the spatial data sets concerning the Astroni
crater. All the maps of Astroni present in the following chapters are produced in this way. Spatial data
capture is carried out with a basic technique: a scanned image of the variable in question (e.g. aerial
photograph for vegetation mapping or topographical map for elevation data) is pasted onto a
spreadsheet and overlaid with a grid of the appropriate resolution. The grid squares are manually
assigned different colours or numbers according to the variable’s value or classification. The grid
parameters are then automatically transferred to a three-dimensional array representing the spatial x
and y co-ordinates (horizontal location) and the variable’s value (e.g. elevation above sea level). The
value is then mapped onto a spreadsheet (thus creating a GIS layer) which can then be used to generate
more layers and/or interact with other variable layers. ASTROMOD’s outputs are also in the form of
spatial three-dimensional arrays which can be visualised within these spreadsheets. To my knowledge
the development of a GIS within Excel has never been applied before this study.
The programming within Excel is carried out in Visual BASIC. A Visual BASIC programming
facility, called “module”, is a built-in accessory to Microsoft Excel version 7. Visual BASIC is one of the
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simplest programming languages to learn and has very advanced capabilities, able to cope with the wide
requirements necessary for the ASTROMOD software package. Model development has also been
revolutionised by the evolution of programming languages. Of relevance to this research is the
establishment of object-oriented programming. Object-oriented programming permits units of software
to be organised in hierarchies, enabling the concept of hierarchy theory to be incorporated even within
the software (Booch, 1994). Compared to other programming approaches, object-oriented programming
provides special capabilities for developing large, complex software systems, thus facilitating the
production of models (Loh & Power, 1993; Power & Saarenmaa 1993). Object-oriented programming
represents objects (the software units) in terms of their internal properties (i.e. data and functions) and
their ability to communicate information with other objects. Objects are able to execute their algorithms
as defined in their methods. Methods are performed in response to a message sent from another object or
from itself. If the object has a method that corresponds to the message, it will perform its method and
return the information requested. This procedure allows a programming approach that is not tied to
internal data representations and results in coding that is easier to create and maintain than non-object
oriented programming. In applying the hierarchical patch dynamics paradigm to the programming one
can arrange the objects in terms of ecosystem processes, with objects differentiated in order of spatial
and temporal resolution within a hierarchical framework. This organisation allows for rapid
development of obsolete objects without disrupting the overall framework.
The ability to develop a user-interface in Excel (as shown in Figure 3.24), was also highly
successful. ASTROMOD is designed to be as user-friendly as possible, with most interactions
accomplished with a series of mouse manipulations (point / click actions).
Within one Excel file one can therefore have the a predictive model, a GIS, a parameter
database, an expert system and a user-friendly interface. Saving ASTROMOD as a single Excel file
greatly reduces memory requirements for software storage. Other advantages included the ability to
readily transmit files via electronic mail and an almost certain guarantee that more advanced and
powerful Excel packages will constantly be developed.
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3.9.6 Software structure
One of the objectives of this study is to design a tool that can aid the learning process and
provide for systematic feedback from monitoring and research. ASTROMOD has to be structured in
such a way that developments can easily be made on the software. Conventional models for predicting
vegetation change are programmed as one single unit (Botkin et al, 1972; Shugart 1984; Kienast;
1987). The complexity and diversity of the ASTROMOD components required an alternative approach.
Bugmann (1994) introduced the concept of dividing the software into sub-components which are then
assembled in a modular fashion. This clarifies the structure of the software and allows a more explicit
representation of the links between each sub-component. Possibly the most significant advantage is the
ability to easily replace a sub-component without disrupting other units. The following is a tree diagram
showing how ASTROMOD's sub-components are linked to each other. The user-interface allows the
execution of the modelling sub-components and access to each sub-components for analysing results
and modifying programming routines.

3.10 Conclusion
It is evident that die plant communities within the Astroni crater are in a state of flux. The
composition and distribution of plant communities now present is going to change significantly within
the next century. A system has to be developed that can predict these changes. This would involve
creating models of high resolution and with detailed outputs. These models would also require the ability
to link with models of higher spatial and temporal scales, and expert systems for the analysis of future
management and environmental scenarios. It is therefore essential to identify the temporal and spatial
scale requirements of the model so that the appropriate processes are incorporated. The hierarchical
patch dynamics paradigm provides a framework for the selection of these scales and the landscape
properties to be modelled. The temporal scale selected ranges from a month to 100 years, while the
spatial scale selected ranges from the ecotope to the ecosection. Thus, the landscape properties which
influence the five ecosystem determinants and the vegetation dynamics will have to be modelled within
these temporal and spatial limits.
A software framework had to be constructed so as to achieve all the modelling objectives.
These not only included the modelling prerequisites, but cost limits, user-friendliness and ability to
cope with different data types (e.g. maps, management scenarios). This study would certainly not have
been able to achieve these objectives if the conventional approach to model had been adopted, involving
complex and expensive software. Microsoft Excel was found to provide the ideal cost-effective and
user-friendly development framework for this study, allowing very complex functions to be modelled,
interpretation of management /environmental scenarios, and visualisation and analysis of spatial data.
The following chapter will outline the vegetation dynamics modelling, die core element of a
future Decision Support System for the Astroni crater.
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4. Modelling Vegetation Dynamics
4.1 Introduction
This chapter will discuss the different approaches to modelling vegetation dynamics and present
the justifications, algorithms and parameters for the modelling approach selected for ASTROMOD. The
second part of the chapter will present model sensitivity analyses and comparative tests with other
vegetation dynamics models and real world scenarios.

4.2 Modelling
Modelling can be defined as a simplified representation of a system, either in symbolic or
mathematical form, with the ultimate objective of predicting change (Beltrami, 1987). Mathematical
models have the advantage of providing numerical results which can then be statistically matched and
compared with the real system (Beltrami, 1987). By coupling modelling, statistical testing and the
immense calculating power of computers, it is possible to have rapid feedback of developments so that
reliability of parameters and formulae can be quickly assessed and appropriate changes made (Shugart,
1998). It is the exponential advances in computing capability that has made predictive modelling a
realistic tool in both research and application in ecosystem management.
Models can be classified into two major groups: mechanistic and empirical. Mechanistic models
attempt to describe observations via fundamental processes. For example, the understanding of plant
functions by the simulation of plant physiological processes (Reynolds et al., 1986). Empirical models,
on the other hand, provide quantitative descriptions of the patterns in the observations without
attempting to describe the underlying mechanisms involved. An example of the use of empirical models
is the use of finite-state automata for the prediction of vegetation succession (Kessell & Potter, 1980).
Empirical models have the advantage of providing reliable results without the complexity required for
mechanistic simulations (Shugart, 1998). As a result, the majority of ecological models have been
developed within an empirical framework.
When it comes to the actual mathematical formulation of an ecological model’s functions, it is
not always possible or desirable to produce the same output for a given input (defined as
“deterministic”). In many instances, natural processes have an element of apparent randomness or are
too complex to formulate deterministically (Pickett & Ostfeldt, 1995). For example, the establishment of
a tree from seed is a long chain of random events, in other words, one would never be able to predict
with certainty that a particular seed will be able to germinate and survive to produce a mature tree
(Botkin et a l, 1972). Formulae, that for a given input require a range of possible values as outputs, are
defined as stochastic. Thus, in ecological modelling it is common to have a combination of both
deterministic and stochastic functions.
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4.3 Selecting the modelling approach
Vegetation modelling can encompass an extremely wide range of temporal and spatial scales,
from functions of physiological processes like photosynthesis and respiration (which typically work on
time scales of minutes or hours and cover areas as small as growing buds, e.g. Webb 1991), to functions
of global processes (which may, like the carbon cycle, require simulations of thousands of years e.g.
Goudriaan and Ketner, 1984; Emanuel et a l, 1985). Some functions may even be static, working within
a system at a fixed time (Box, 1981). As more is known about biological processes, vegetation models
have been adopting a “hierarchical” approach, where an understanding of phenomena at a lower level of
organisation is used to explain and project phenomena at a higher level of organisation (Delcourt et a l,
1983; Pickett & White, 1985). For example, an understanding of plant physiology (a “low” level of
organisation) could be used to estimate competition among trees (a “high” level of organisation).
In recent decades, it has been recognised that vegetation change is more dynamic, complex and
unpredictable than previously thought (Pickett & Ostfeldt, 1995). Initial concepts emphasised
predictable deterministic succession in plant communities developing to climax communities, which
were thought to be relatively stable (Clements, 1916). Now ecologists generally conceptualise succession
as a non-equilibrium spatial process with disturbance playing a fundamental part, thus the emergence of
the hierarchical patch dynamics paradigm (Wu & Loucks, 1995). This has led to the use o f mechanistic
and stochastic approaches, focusing on key processes such as dispersal, birth, growth, competition and
death, and the environmental characteristics that determine them (Botkin, 1993). This is one of the
reasons why vegetation dynamics model developers are moving away from first-order empirical
“Markovian” type functions that replace many phenomena with simple parameters which do not take
into account the actual mechanisms that cause change. Markovian models make use o f probability
functions which, for example, may determine the transition from one vegetation community to another
in a certain set of environmental conditions (Usher, 1981; Lippe et a l, 1985). No effort is made to
simulate the underlying causes of change. Any attempt to simulate vegetation change using
environmental conditions other than those from which the original probabilities were derived,
compromises the reliability of the result. In addition, Markovian models are forced to trade off between
the increased resolution in enumeration of different vegetation communities and the parameter
estimation problems that attend this greater resolution. Markovian models cannot, therefore, cope with a
wide range of variables typical of natural systems. Mechanistic and hierarchical modelling is now
favoured for vegetation dynamics modelling (Shugart et al, 1993).
To model the complexity of forest ecosystems requires the use of a combination of functions
with different spatial and temporal scales. A fundamental prerequisite for this study is to match different
functions, so that the appropriate level of resolution and reliability is met. For example, it is pointless to
have a model with a function of hydrology that has a monthly output at a scale of a square metre, when
the function dealing with vegetation change which depends on it has a yearly output and a resolution of
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one hectare. The temporal and spatial scale at which the data used to develop and test the model is also
of significance. These are frequently inconsistent with the modelling scales and are the single most
important factor limiting the development of vegetation dynamics models (Botkin, 1993).
A key point is the interdependence of ecosystem processes at different scales. In particular, the
"health" o f a particular forest stand depends not only on the conditions within the stand but also on those
found on adjacent stands and, indeed, on the entire matrix of interrelated conditions that determine
ecosystem health at the landscape level (Toman & Ashton, 1996). This consideration is critical for those
plant and animal species dependent on certain kinds of stand heterogeneity (the amount of structural
contrast and edge among stands) across the landscape (Hunter, 1990).
4.3.1 Model types
There is a vast range of model types for simulating vegetation dynamics. In general, the model
type used is based on the problem under consideration, the data available, and the need to develop a
flexible model (Shugart et a l, 1992). When considering models of forest ecosystems, they can be spatial
or non-spatial, mono- or mixed-species, and even- or mixed-age. When considering the spatial
resolution of forest models, there are two basic organisational categories at the opposite ends of the
resolution gradient: those that take the individual tree as the basic unit of a forest simulation; and those
that define the whole forest or vegetation types within the forest as functional entities with “superorganism”-like behaviour.
In individual tree models, die degree of complexity ranges from simple tabulations of the
probabilities of an individual tree of one species being replaced by an individual of another species (e.g.
Horn, 1975), to extremely detailed models that include three-dimensional geometry of different species
at different locations. An example of a highly complex tree model of temperate forests is FOREST (Ek
& Monserud 1974), where the size and location of each tree within a delimited area of forest was
mapped, and the architecture of each tree measured, so that shading and competition could be modelled
realistically. These models require a large amount of autoecological data that are usually only available
for commercial species and may involve considerable computation (Shugart et al., 1993). As a result
they are used almost exclusively in evaluations of planting, spacing and harvesting schemes in
commercial forests (Munro, 1974). Simpler approaches that also consider tree position explicitly include
the geometric models of Galitsky (1990) and Faber (1991), although their main emphasis was to
investigate the mechanisms underlying competition for space and not to simulate realistic forest
dynamics. With advances in computing hardware, modellers of natural communities have also begun to
develop tree-models. An example is the savanna models developed by Steve Archer at Texas University
(Archer, 1995). The relatively low tree densities of savanna communities also require models with
significant spatial components which are not usually implicitly modelled in lower resolution models.
This scale of sampling and modelling is extremely time-consuming and complex, and at present
the outputs from these models do not offer clear advantages in reliability over less spatially explicit
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models (Shugart, 1984). On the other hand, as more autoecological data is made available, and the
demands for increasingly detailed outputs increase, it is probable that tree models will play a significant
role in simulations of vegetation dynamics.
Forest models consider the forest as the focal point of the simulation mode. These models are
useful for assessing topics such as ecosystem productivity and nutrient cycling, and have the advantage
of requiring a limited amount of autoecological data. An example of forest models are forestry yield
tables which constitute a highly data-dependent subset of forest models (Schober, 1987). Two implicit
assumptions of forest models are that the unique features of individuals are sufficiently unimportant, and
that the population is perfectly mixed, so that there are no local spatial interactions of any important
magnitude (Running & Coughlan, 1988). These assumptions seem particularly inappropriate for trees,
which vary greatly in size over their life spans. As a result, forest models are not capable in predicting
the structure and composition of forest landscapes. There are several other drawbacks which are
associated with these models. These include the absence of sufficient validation data and the reliance on
Markovian type functions, which prejudices their reliability (Sollins et a i, 1981). The rapid
development of satellite remote sensing is now providing a considerable amount of raw data for the
extrapolation o f forest change over time, and this will gradually allow a more reliable and objective
estimation of the Markovian type functions necessary for forest model development (Caswell, 1989).

4.4 Gap models
Gap models have been developed almost exclusively for the study of forest succession and can
almost be defined as occupying the central place in the spatial resolution gradient between tree and
forest models (Botkin, 1993). A basic consideration in modelling the dynamics of landscape systems is
whether or not the landscape can be divided into a number of discrete, smaller units. If this is the case,
one can simulate the dynamics of the landscape as the summation of the dynamics of the component
parts. This is the core theory on which gap models are based and is a development of the individualistic
(reductionist) theory of forest succession, first proposed by Gleason (1917). This theory stresses the
importance of population dynamics and competition between organisms, and it acknowledges the non
equilibrium nature of vegetation at small scales. The notion of cyclical change in plant communities, the
explicit consideration of spatial patterns and the importance of life history characteristics of the species
involved can be considered as the cornerstones of die “Gleasonian” view of forest dynamics (Gleason,
1939).
Probably the strongest justification for using the gap modelling approach in this study is its
landscape unit characteristic. This allows gap modelling to be integrated within the theoretical structure
of the hierarchical patch dynamics paradigm outlined in Chapter 1. The discrete spatial unit enables the
identification of a location within the hierarchical gradient from the plant individual to forest ecosystem,
while enabling a straightforward link to environmental models of the landscape. Gap models
dynamically simulate particular attributes of each individual tree on a spatial unit of relatively small
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size, usually either a gap in the forest canopy or a sample quadrat (Botkin et a l, 1970a). The term “gap”
in this type of modelling is used very loosely, as opposed to several definitions in the literature which
defined gaps as an opening in the uppermost canopy extending down to any height (Hubbell & Foster,
1986). In gap modelling, gaps can be defined according to several different criteria. For example, the
scale could be determined by sampling considerations (e.g. the pixel sampled by a LANDSAT satellite)
or, ideally, by the scale of the natural pattern of disturbance in the landscape (Shugart & West, 1980).
The majority of gap models simulate changes in forest landscapes by defining the gap created
by the death of a dominant canopy tree as the principal unit of forest stand dynamics. This unit is
assumed to be of constant size, and its estimation is based on the average area occupied by dominant
canopy individuals of the ecosystem in question (see Table 4.1). Within this unit, one assumes that the
location of the remaining live trees can be ignored without incurring a significant loss in reliability,
avoiding the need to use a distance-dependent approach (Botkin et al., 1970a). For example, when
estimating the impact of shading within a unit, gap models sum the light extinction effects of several
height layers within the unit regardless of the trees’ position. This means that a tree which may
hypothetically be on the outer limits of the unit will have the same effect on a sapling situated on die
opposite side as would a tree of similar size if it was directly above the sapling. This introduces an error
into the simulation which is not as significant as one might think. The magnitude of error is directly
related to the size of the tree individual. The larger the tree, the greater is its influence on the unit’s
other individuals, and as a result, the actual position of this tree within the unit becomes less important.
Since it is the dominant trees which determine the dynamics and species composition of forest
ecosystems (Shugart et a l, 1993), the error introduced by the absence of explicitly modelling the exact
location of each individual tree is considered to be small. Gap models then conceptualise forest stand
dynamics as a process of competition (for light and other limiting resources) among the trees living
within that unit.
4.4.1 Structure
The basic structure of gap models has rarely been modified from the initial gap model,
JABOWA, proposed by Botkin et al. (1970a). Each tree’s diameter increment is computed annually as a
function both of species attributes (e.g. maximum growth rate), and of the individual tree’s environment
(e.g. shading by other trees). Each tree is subjected to a probability of annual mortality that is
determined by the species’ longevity and by the level of stress the tree is subjected to. The slower a tree
grows compared to its optimal growth rate, the higher the intrinsic mortality rate. Regeneration is
determined by a combination of conditions on the forest floor and the species’ ability to cope with these
conditions. The model output resembles a stand tally sheet, listing the species and diameter of each tree
on the model stand. With allometric formulae, these values can then be processed further to produce data
such as species biomass, basal area, density and productivity.
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Because the model integrates processes on different organisational levels, such as the growth of
individual trees, competition of trees at the patch level, and ecosystem characteristics at the scale of
many patches, forest gap-models are extremely adaptable to a wide range of forest ecosystems and output
requirements (Shugart 1984). Simulating dynamics of forest landscapes with gap models which take a
“hierarchical patch dynamics” approach, but do not require as much autoecological parameters as tree
models, is thus considered to be the most realistic, malleable and efficient method for modelling natural
forest landscapes at a high enough resolution for supporting ecosystem management decisions.
4.4.2 Applications
Forest gap models are fairly general tools and can be used to study a variety of phenomena,
ranging from age structure and species composition to primary productivity and nutrient cycling of
forest ecosystems (Shugart, 1984). They have a distinct difference from all other models, which were
built to answer specific questions. For example, forest models are not usually capable of treating
succession because the choice of state variables implicitly assumes that forest composition is constant
(Runnin & Coughlan, 1988). Moreover, gap models are an explicit quantification of current ecological
theory, and are consistent with many field observations (Moore, 1989; Botkin, 1993; Shugart et al.,
1993, W u&Loucks, 1995).
The concept of gap modelling was first proposed by Botkin et al. (1970a) when they developed
JABOWA, a model for the prediction of forest change within a northern hardwood forest o f the eastern
United States. Model simulations proved to be remarkably realistic, and during the last 20 years, many
forest gap models have been developed based on this parent model. Models have now been developed for
tropical forests (Doyle, 1981), forests in Australia (Shugart & Noble, 1981), in Central Europe (Kienast,
1987; Bugmann 1994), and in the boreal region (Bonan & Van Cleve, 1992; Shugart et a l, 1992).
Moreover, the approach is not restricted to forests. Smith et al. (1989) and Coffin and Lauenroth (1990)
successfully developed gap models for grasslands. The subjects investigated by gap models also cover an
extensive and disparate range: nitrogen availability and nutrient cycling (Pastor & Post, 1985); the
effects of wildfires (Kercher & Axelrod, 1984); ecological indicators (Kienast, 1987); and seed dispersal
by birds (Keane et a l, 1990).
This flexibility in application is because the detailed output of gap models allows statistical
averaging of patch characteristics to provide descriptions not only of forest landscapes, but also of the
forest’s physiognomic factors. These factors could be used, for example, to analyse the distributions of
animal species by extracting the animal niche characteristics from the data, so that predictions can be
made of animal habitat availability. An example of this treatment is the FORHAB simulation by Smith
et a l (1981), in which future change in forest inventory quadrats was simulated so as to predict bird
habitat availability.
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Panai'otis et al. (1995) describe gap sizes in a Mediterranean Quercus ilex forest. The largest
gap, 170 m2 in area, had been produced by the fall of a tree with a diameter at breast height (DBH) of 89
cm. The largest DBH for Quercus ilex found within the Astroni survey plots was 73 cm, whereas the
largest tree DBH found within the whole crater, 143 cm, is that of a Quercus robur tree. Thus, in the
case of the Astroni crater, a compromise has to be made between the large gap sizes of temperate species
and the smaller Mediterranean woodland gaps. The gap area for ASTROMOD has been selected as 625
m2 (a 25 by 25 m plot). The 625 m2 area seemed appropriate for Astroni’s vegetation because field
observations showed that very few tree fall gaps exceeded a diameter of 30 m, and as a result, the sphere
of influence of the average canopy tree would be of relatively small size compared to temperate forests.
4.5.2 Gap model components
The relationship between the establishment, growth and mortality of a plant, and its
environment is complex and difficult to simplify without making major assumptions. In ASTROMOD,
plants are assumed to establish at their highest densities, grow at their maximum rate (optimal growth)
and have the lowest probability of dying, when their surrounding environment is not limiting. This
allows die subdivision of a plant’s life strategy into the following components or functions: the growth
function, which simulates optimal growth of plant individuals; the regeneration function, which
simulates seedling establishment; the mortality function, which simulates the death of tree individuals;
and the environmental functions, which simulate the effects of environmental determinants, such as
water stress, on regeneration, growth, competition and death of tree individuals.
Each function encompasses a number of sub-functions. For example, the environmental
function includes functions for simulating the effects of soil water, soil fertility, temperature and light.
This sub-division within the gap model allows each component to be tested separately and if necessary,
to be modified.
To clarify the structure of the model's algorithms, the formulae components have been colourcoded, with green ( • ) indicating species-specific parameters, violet ( • ) indicating parameters calculated
in the environmental model (Chapter 5), blue ( • ) indicating constants and red ( • ) representing the
calculated results. The components will be defined only once, straight after the formula which has first
used them. For subsequent formulae, the parameter key in Appendix II can be used for component
definitions.
4.5.3 Cohorts
In order to greatly reduce the calculations involved in modelling the establishment, growth,
competition and death of every single plant individual within a ‘Virtual” Astroni crater, tree individuals
where grouped into cohorts. These cohorts are defined as plant individuals of the same species within
the same patch that are able to establish themselves at the same time. This technique has been used for
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models of same age, same size forest plantations (Running & Coughlan, 1988). In gap modelling of
mixed age, mixed size natural forests, by the time tree individuals have reached a size that significantly
impacts upon the patch, only a few individuals are left in the cohort. This is because the mortality rate is
high for young trees. Thus, the loss in realism incurred by simulating the same growth rate for cohort
members becomes less significant with increasing plant size. Cohorts have been successfully used in the
FORCLIM gap model by Bugmann (1994).
4.5.4 The growth function
The core of a gap model is the growth function where every tree cohort is subject to a yearly
calculation of its optimal growth. The assumptions behind the growth function are that under optimum
conditions, when no environmental resource is limiting, growth of a tree is directly proportional to the
abundance of leaves (which in this case is represented by leaf weight), and is inversely proportional to
the amount of living but non-photosynthetic tissue (Moore, 1989). This assumption neglects the fraction
of non-living tissue of a tree that increases with age, but assumes that this still constitutes a reasonable
estimation (Shugart, 1984).
The quantity of non-photosynthetic tissue can be calculated as proportional to the surface area
of a simple geometric solid, such as a cylinder (Esau, 1977). Thus, the fundamental growth equation
could be stated in terms of a change in tree volume, which is proportional to the square of the diameter
times the height (Botkin et a l , 1972):

Equation 4.1

DmaxiHmaxi

(environment)

where, D = diameter at breast height (cm);
II = height of tree (cm);
5(D2II) = change in tree volume (cm3);
Ri = the maximum intrinsic net assimilation rate;
LA = leaf area of tree (cm2);
Dmaxt = maximum known diameter for species (cm);
HmaXi = maximum known height for species (cm);
/ (environment) = function o f the effects of the environment on tree growth.
In this equation D2H represents tree volume and DH represents the relative amount of living,
non-photosynthetic tissue. Dividing D ll by DmaxlHmaxl sets an upper size limit that a tree can reach.
Thus Equation 4.1 assumes that a tree cannot exceed the maximum diameter and height known to occur
for individuals of its species, and that at this height and diameter the respiration of non-photosynthetic
tissue equals the photosynthetic rate of the leaves.
Some of the first computer simulations of the 1960s and early 1970’s treated shape and form in
extreme detail, attempting to simulate the competition among individual tree crowns (Hamilton, 1969;
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Mitchell, 1975). But the resulting three-dimensional detail was unnecessary to account for dynamics of a
population of trees and was too complex to model successfully (Botkin, 1993). Also, these mechanisms
operate on small temporal ranges and equilibrate fast, so that they are not evident at the scale of annual
growth rate of a whole tree (Shugart, 1984). By plotting change in volume over time using Equation 4.1,
a logistic curve is produced which is compatible with most observations of the growth of plant
individuals.
Equation 4.1 is then converted to calculate DBH, rather than volume increment. DBH is simple
to measure and to monitor directly and is known to respond to changes in environmental conditions
(Davis, 1985). The use of DBH also allows correlations of tree diameter with tree height, weight of tree
components (such as leaves, twigs, and stem) using dimension analysis (Rashevsky, 1938). Dimension
analysis is used in two ways in the model. In the dynamics of the model, the weight and height of leaves
shading other trees are calculated from tree diameter (Burger, 1945-1953; Huang et a l, 1992). In the
output from the model, dimension analysis relationships provide biomass of tree components (Woods et
al., 1991), and the production of twig and root Utter (Pastor & Post, 1985). But first, the conversion from
the calculation of volume to DBH increment requires several assumptions: that there is a strong
correlation between tree height and diameter; that leaf area is proportional to leaf weight; and that
Equation 4.2

W

=

C,D2

where, C, = a constant that determines the species specific least weight to tree diameter ratio;
W = leaf weight (g).
Equation 4.2 makes the assumption that if a unit of Uving but non-photosynthetic tissue
requires a unit of leaves to provide its metabolic needs, then an ideahsed tree would add leaves in
proportion to the amount needed to support the tissues of the rest of the tree (Botkin et al, 1970a). It
follows that a tree would add leaves in proportion to the square of the tree's diameter. Another rationale
to justify Equation 4.2 is the pipe stem model, which gives the reverse causahty - that the weight of
leaves is limited by the supply of water transported through the xylem from the roots, and that the xylem
cross-sectional area is proportional to the square of the diameter (Waring et al., 1982).
Equation 4.2 assumes that the density of leaf tissue (gm cm'2 of leaf surface area) is constant
throughout the tree. In fact, the density of leaves varies within a tree, and the approximation in Equation
4.2 represents the average density, and is considered to be sufficient for the model's scope (Botkin,
1993).
Dimension analysis can then be used to calculate tree height, where
Equation 4.3

Equation 4.4

H = 137 + b2D - b 3D2

2(H m ax-137)
Dmaxi
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( H m a x 137)
b, = -------------------;------

Equation 4.5

3

Dmax*

The change in diameter equation can be finally written as:

GD
Equation 4.6
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Equation 4.7
where,

G, = RjC,

G, = species specific growth rate parameter (cm y r 1).
The param eter G, determines the timing o f when a tree achieves m ost o f its growth The greater

the G, parameter, the faster the tree will grow to its m axim um size. As the m axim um diam eter is
reached, growth becomes negligible and eventually stops (Botkin et al., 1970a). Figure 4.1 shows the
shape o f the diam eter growth curve with different G, values. The value o f G, is chosen according to the
known m axim um growth rates o f each species, so that the ratio D/Dmax , varies am ong species from 2:9
to 8:9 at half-maximum age i.e. whether growth is concentrated early or late in a species' life history.
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Figure 4.1: Graph showing the shape of the growth curve under optim al conditions and the effects
of different G, values on tree growth.
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In Botkin (1993) the following equation was proposed to calculate G, :

G, = 5 H m a x

Equation 4.8

where,

max i

SDmax, = maximum observed diameter increment of species (cm).
As yet there is no evidence in the literature that this equation has been used to calculate G„ with

most values seemingly being estimated subjectively by each author.
4.5.5 The environmental functions
The environmental determinants considered to have the greatest influence on vegetation
dynamics within the Astroni crater are light, temperature, drought, soil water saturation and nutrient
availability. These are the standard environmental determinants used in almost all of the gap models,
beginning with JABOWA (Botkin et al., 1970a). Mathematically, the response of a tree to each of these
environmental factors can be expressed as a function that takes on values between 0 and 1, with a low
value limiting any further growth and high values resulting in almost optimal growth increments
(Botkin et al., 1970a). To arrive at one single, composite index of environmental conditions for
calculating the “realistic” annual diameter increment of trees, there are two approaches one can take: an
“additive” or a “multiplicative” approach. In FORECE (Kienast, 1987), Liebig’s law of the minimum is
adopted, where the single factor in least supply will limit plant growth. With this approach there is no
interaction among limiting factors. Each environmental “function” is calculated and die function with
the smallest value is used to multiply with the fundamental growth equation:
, f j | (Additive approach)

Equation 4.9
Optimal

where, dD/St = change in diameter (cm);
(8D/8t)opting = the fundamental growth equation;
,fj = the environmental functions.
A second approach, first developed in JABOWA (Botkin et al. 1970a), assumes that the
functions influence tree growth simultaneously. The simplest expression of this is to assume that the
fundamental growth equation is multiplied by each response function, so that:

fj

Equation 4.10

(Multiplicative approach)

Optimal

These environmental factors are therefore assumed to be in a synergistic relationship i.e. where
one environmental factor influences another, and the combination of several factors acts on tree growth
as a single function to produce a single response curve. The risk in adopting the multiplicative approach
is that in certain circumstances too small growth increments will be obtained, especially if many factors
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are considered. Some modellers have added a further calculation to the multiplicative approach to avoid
this. Bugmann (1994), for example, uses a modified geometric mean of the environmental functions so
that both the additive and multiplicative approach are integrated into a single function.
As yet there is no scientific evidence within the literature that justifies the adoption of die two
approaches or their combination. The multiplicative approach has been adopted for ASTROMOD
without any further manipulation in accordance with the original JABOWA model (Botkin et al.y
1970a). For ASTROMOD, the risk of unrealistically small growth increments should not be confronted
by modifying the environmental function further, but by making sure that the functions are themselves
appropriately simulating natural conditions.
All gap models to date have developed environmental functions that either directly produce a
yearly average or produce monthly values, which in turn are averaged to give the yearly value. Initial
exploratory simulations of a hypothetical Mediterranean ecosystem using this method resulted in
unrealistically high growth rates and total biomass values. The growing season in Mediterranean
ecosystems is significantly reduced by the presence of low winter temperatures combined with extreme
summer drought (see Section 2.3). Producing a yearly average value from each environmental function
meant that, for example, the adequate water balance conditions present in winter, when most species
would have limited growth as a result of the low temperature, would unrealistically diminish the impact
of the summer drought on plant establishment, growth and death. In other words, this method would
result in the same growth rates if the drought occurred in winter, when plants were not growing anyway
because of the low temperatures, or if drought occurred in summer, when temperature conditions would
be ideal for growth. It is probable that gap models for temperate ecosystems were allowed to get away
with this aberration because temperature was always the overwhelming limiting factor. In ASTROMOD,
a new approach was developed where monthly environmental function results are multiplied together to
produce monthly environmental functions, which are then averaged to give yearly values. This greatly
increased the reliability of simulations without affecting the overall structure and assumptions of gap
models.
In conclusion, the following environmental factors were considered to be fundamental in
determining forest dynamics in the Astroni crater’s transition from temperate to Mediterranean
vegetation communities: temperature, light, soil-water balance and nitrogen availability. These four
determinants have also been the principal factors considered in gap models to date. Browsing, a
determinant of forest dynamics used in FORECE (Kienast, 1987) was not considered to be significant in
the Astroni crater since there are no large herbivores. Fire and landslides, periodic occurrences in the
area, were not simulated because of problems with the contagion calculations (see Section 4.5.9).
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4.5.5.1 Light function:
a. Light availability for plant growth
One of the most important external constraints on tree growth is shading, which determines the
amount of light a tree receives, and thus the amount of energy available for photosynthesis (Kiltie,
1993). Although horizontal homogeneity on the simulated plot is assumed, the vertical structure of the
canopy is modelled explicitly. The sizes of individuals (tree height and leaf weight, which are allometric
on diameter - see Equations 4.2 and 4.3) are used to construct a vertical leaf profile. The weight of
leaves for each tree are assumed to be concentrated at the top of a tree. As a result, all the leaves of one
tree shade any shorter tree, and none of die leaves of any shorter tree shade any leaf of a taller tree. Most
gap models use this very simple approach to model crown geometry, and it is a key simplifying
assumption of the model. The assumption that all the leaves are concentrated at the top of the stem, first
proposed by Botkin et al. (1970a), is not as unrealistic as it may appear. Schulze et al. (1977) found that
in a Picea abies forest more than 70 % of die annual C 02 uptake was attributable to the needles exposed
to direct sunlight at the top of the crown. This characteristic is probably accentuated in the
Mediterranean region where the sun angles are higher than in more northerly latitudes (Leemans &
Prentice, 1989). The leaves of Mediterranean species also have a significantly greater density, allowing
less light to penetrate the canopy (Terradas & Sav6, 1992). For the present study, the simple crown
geometry of conventional forest gap models seems therefore appropriate.
The fight available to a tree is calculated according to Beer’s Law:
Equation 4.11

PARX = PHIxe~kxSLA

where, PARX= fight available to a tree at site x (|imol m 'V 1);
P1IIX= fight incident above the canopy at site x (pmol m '1 s'1);
SLA = shading leaf weight (kg);
k = fight extinction coefficient (0.000167).
This equation assumes that fight is passing through a homogenous canopy as parallel
monochromatic irradiation (Jones, 1992). Although this is a key simplifying assumption of the model,
this phenomenon has been shown to occur in many forest types (Perry et al., 1969; Baldocchi et al.,
1984). The fight extinction coefficient, k, approximates known absorption of forest canopies, typically
resulting in deep shade in a mature forest where fight intensity is one-hundredth or less that of full
sunlight (Botkin, 1993).
In most gap models, PHI, is reduced to an index of fight availability and usually given a value
of ‘ 1’ (maximum fight available). In this study, PHIX is estimated as photons of fight and is calculated
according to aspect, slope, topographical shading and atmospheric conditions. This mechanistic
approach allows for a more accurate simulation of the effects of fight intensity on plant growth and
competition.
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b. Response of plant growth to photosynthetically available light
The net photosynthesis of individual tree leaves will vary with changes in light, temperature,
and soil-water availability during the day. There are also differences in the instantaneous photosynthetic
rates of different leaves in different parts of the same tree, some of which will be shaded (Larcher,
1995). It is therefore difficult to develop a single formula that links instantaneous net photosynthesis of a
single leaf and total tree growth. However, measurements of leaf net photosynthesis over a growing
season have given a reasonably good estimate of net forest production (Botkin et al., 1970b). For the
model’s simulation of plant growth response to photosynthetically available light, the assumption is
made that the shape of the leaf photosynthetic curve will correspond reasonably well to the response of
the whole tree. The general shape of the curve relating net photosynthesis to available light is an upward
sloping asymptotic curve i.e. at low light intensities there is a rapid increase in net photosynthesis as
light increases. Eventually additional light has a smaller effect on growth. This behaviour can also be
defined as a dose-response curve and is extensively reviewed by Boardman (1977) and Patterson (1980).
A new, simple equation was thus developed to represent the dose-response curve, and incorporate
species specific parameters describing the plant’s response to different light intensities:

Equation 4.12

-y.{PARx—PARcompj
PARhspi

where, LFX= light growth function at site x (index from 0 to 1);
PARhspi= species specific photosynthetically available radiation level for achieving half
maximum photosynthetic rate (half saturation point) (pmol m '1 s'1);
PARX= photosynthetically available radiation (pmol m '1 s'1) at site x;
PARcompt = species specific photosynthetically available radiation level below which growth is
not possible (compensation point) (pmol m '1 s'1).
This allows the elimination of the species specific light tolerance classes commonly used in gap
modelling, which divided species into as few as two classes only (e.g. Prentice & Helmisaari, 1991). The
new equation allows a more detailed distinction between the growth response of different species, while
the species specific parameters can be more accurately estimated from field and laboratory experiments.
The two parameters: PARhspi and PARcompt have been introduced to distinguish the ability of different
species to react to changes in light intensity. A shade tolerant species is comparatively efficient in using
light when little is available (low compensation point), but it reaches maximum photosynthetic rates at
comparatively low light intensities (low saturation point). A shade-intolerant species has comparatively
low growth rates under low light conditions (high compensation point), but responds more rapidly to
increases in light and reaches saturation at a much higher light intensity (high saturation point) (Jones,
1992). Some species, such as Quercus ilex, are highly adaptable, and can photosynthesise at low light
intensities under a forest canopy (low compensation point), while at the same time able to transform its
leaf structure so that photosynthetic saturation occurs at relatively high light intensities (high saturation
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point) (Terradas & Save, 1992). Thus the availability o f these two param eters allows a better simulation
o f species specific light responses.
Figure 4.2 shows a graph o f the effects o f different light intensities on the light component o f
the environmental function for hypothetical species with different shade tolerance levels. The shade
tolerant species is able to respond to low er light intensities, with a greater increment as the light
intensities increase. The shade intolerant species requires a considerably high light intensity before
reaching its full growth potential. The responses are sim ilar to those calculated by formulae using shade
tolerance classifications, but significantly more accountable.
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Figure 4.2: Graph of light response curve for hypothetical shade intolerant, interm ediate tolerance
and shade tolerant species.

4.5.5.2 Tem perature function

a. Response o f plant growth to tem perature
M odelling the response o f plant growth to air temperature is the most com plex and important
component o f vegetation dynamics m odelling for regions that do not experience optimal tem peratures
for growth throughout the year, tem perature som etim es limiting the growth season to just three m onths
(Kimmins, 1987; Stevens & Fox, 1991). M odelling the plant growth/tem perature relationship is
com plex because different features o f the tem perature regime are critical at different tim es o f the year. In
winter, the minimum temperature may determ ine which species survive, while the occurrence o f
blossom and shoot damaging frosts in spring can be crucial for other species (Larcher, 1981). Similarly,
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the sensitivity of different species to variations in growing season temperature depends on how close the
environment is to their optimum. Plants can survive the whole range of atmospheric temperatures that
occur on the surface of the earth: from -89°C to 58°C (McFarlan, 1990). Most plants can only grow,
however, over a much more limited range of temperatures, from above freezing to around 40°C, while
growth approaches the maximum over a much more restricted temperature range that depends on
species, growth stage and previous environment (Larcher, 1969; Long & Woodward, 1988).
Two simple methods are often used to characterise the temperature regime. The first is to use
the concept of thermal time, where the total number of growing degree-days available during the season
is calculated (Jones, 1992). The growing degree-days are defined as the product of temperatures above
the zero-growth level and the duration of those temperatures (degree-days) over a year. A site’s growing
degree-days is compared to the degree-days limits tolerable for each species to produce an index of the
effects of temperature on species growth. Woodward (1987) showed that this index correlates well with
the geographical distribution of plant species, while Fuller et a l (1987) observed a strong empirical
relationship between tree growth and growing degree-days. This approach has been universally adopted
for gap modelling, although it lacks a physiological basis (Bonan & Sirois, 1992). Research comparing
plant growth to growing degree-days is rare for time intervals of less than a year. As a result, it has been
difficult to adapt this method for the monthly time intervals required for ASTROMOD. A different
approach was therefore sought which could realistically simulate plant response to temperature.
Two processes were assumed to control plant growth during the year. They were, the
relationship between net-photosynthesis and air temperature, and the requirement for a vernalisation
period. Trees from widely different habitats and environments have temperature response curves with
respect to net photosynthesis generally of the same shape, roughly a parabola (Figure 4.3), with the peak
response at higher temperatures for tropical trees than for temperate ones (Larcher, 1969). This
parabolic curve is the result of three interacting physiological responses: an exponential increase of gross
photosynthesis that occurs at low temperatures; an increase in dark respiration that at first lags gross
photosynthesis but increases at a more rapid rate as temperature rises; and an inactivation or destruction
of the photosynthetic apparatus at high temperatures (Larcher, 1995). An empirical equation that is
frequently used to simulate many temperature responses such as photosynthesis, was adapted to
represent the response of plant growth to air temperature (after Jones, 1992):

Equation 4.13

TFlx

T c o r ,i* { T x

Trange, i )

{ ^ o p t,i

^range, i )

(^ x

^ra n g e,i)

where, TFi x = instantaneous temperature effect on growth (index from 0 to 1) at site x;
Tcor, i = species specific correction coefficient;
Tx = monthly mean air temperature (°C) at site x;
Trange, i = species specific parameter determining growth range;
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I o P t, i

= species specific optimal air temperature for growth (°C).
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Figure 4.3: G raph of instantaneous tem perature response curve with variations in air tem perature.

Because all gap m odels use m ean m onthly air tem peratures to calculate both th e species
param eters and the site’s grow ing degree days, its use in A ST R O M O D to directly calculate th e growth
tem perature response does not result in a loss in reliability.
T he yearly response o f a plant species to variations in tem p eratu re is com plicated by the
requirem ent o f som e species for a dorm ant period, controlled by a m ultitude o f factors. For exam ple,
vernalisation, and the associated leaf abscission and sprouting, is controlled by th e interactions o f
several environm ental determ inants, such as day length and tem perature, w ith th e plant (L archer, 1995).
T he lack o f data and clearly applicable m odels on th e m echanism s th at control vernalisation m eant that
an unconventional approach h ad to be adopted in A STR O M O D . Basically, th e algorithm s w ere
developed so as to be able to m im ic the conventional D EG D form ulas used in other gap m odels (see
Section 4.6.3 for T em perature Function based on D EGD ). For exam ple, the species specific correction
coefficient, T ^, h used in E quation 4.13, adjusts th e sum o f m o nthly calculations to give a m axim um
yearly index value o f one w hen optim um tem p eratu re conditions are m et. T his allow s th e integration o f
the m onthly tem perature effect calculations into th e yearly calculations o f grow th. T he advantage o f
using this approach is that th e equation could be used at m uch sm aller tim e intervals by m aking
adjustm ents to the correction coefficient. T he follow ing equations have therefore been constructed so as
to fit the T em perature Function based on DEGD:
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Equation 4.14

where,

DEGD ,

TFD x = temperature fimction reducing growth as growing degree days reach the limits of a
species’ maximum growing degree days tolerance at site x (index from 0 to 1);
DEGDX= yearly growing degree-days at site x;
DEGDmax j = maximum yearly growing degree-days tolerated by species i.

and the timing of leaf sprouting and abscission for deciduous species is determined by:

Equation 4.15

where,

1

if

D EG D Ux > DEGDmlrll x 0.25

0

if

D EGD M x < D E G D M X 0.25

TFL x = temperature function reducing growth as growing degree days reach the limits of a
species’ minimum growing degree days tolerance at site x (index from 0 to 1);
DEGD mx = monthly growing degree-days at site x;
DEGDmiri' i = minimum yearly growing degree-days tolerated by species /.
Thus, the correction coefficient in Equation 4.13, the exponent in Equation 4.14 and the

multiplier in Equation 4.15, were the result of fitting the temperature response to the conventional
DEGD approach. The overall temperature response of a species over a monthly period is therefore:
Equation 4.16
where,

TFX = TFj x TFd x TFl

TFX = temperature function at site x (index from 0 to 1).
Figure 4.4 shows a graph comparing the temperature response curve calculated in the

conventional method, and that calculated by the above equations. The resulting response between the
two methods is very similar, although the ASTROMOD method does have a few minor “kinks” in the
area where the lack of a vernalisation period begins to have a negative impact on the species.
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Figure 4.4: Comparison of tem perature function values across a gradient o f yearly average
temperatures. D E G D m in ,- 1100, D EG D m axi = 4655, Topt, = 19.1°C, Trangt’i = 13°C.

Although Equation 4.13 is based on sound scientific foundations, Equations 4.14 and 4.15 are a
simplistic and unsatisfactory approach to a very com plex process. But at least these algorithms are a
m ajor improvement on the temperature response equations adopted in previous gap models, where there
was no attem pt to model the response in a mechanistic way. The time period was restricted to yearly
calculations, and algorithms were dependent on param eters calculated from com paring species regional
distribution to DEGDmin, and D EG D max , contour lines on maps. One can therefore build on the new
approach and improve on the m echanistic relationship between plant growth and temperature.
4.5.5.3

Soil-water related functions
M odels projecting water use and transport by individual trees have been developed (Jarvis,

1981; W aring et al., 1982; Running, 1984), but little quantitative research has been done on the
response o f total net biomass increment to soil-water conditions. The development o f water response
functions is therefore problematic, and a simplistic approach had to be taken. Existing studies suggest
that tree growth is insensitive to the exact value o f soil water except near the extrem es o f drought and
saturated soil (Kozlowski, 1982a; 1982b). Algorithms were therefore selected so as to affect tree growth
only at these extreme thresholds.
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a. Drought-stress function
In the model, the effect of drought stress is represented by the difference between potential
evapotranspiration and actual evapotranspiration, so that:

Equation 4.17

ED X

where, EDX= Evapotranspiration deficit at site x;
E0 x= potential evapotranspiration at site x;
Ex = actual evapotranspiration at site x.
EDX is a dimensionless quantity that ranges from zero in water-logged sites to 0.3 in shallow
xeric soils (Botkin, 1993). In other words, EDXmeasures the lack of a positive property of soil moisture
for plant growth, and can be compared to water potential values within plant leaves and xylem.
Bassett (1964) found that drought stress affects basal area increment in trees in a linear
relationship. Thus, drought stress can be related to diameter increment with a square function (Figure
4.5):

Equation 4.18

EDFX = max'{ O,

1

ED max,

where, EDFX= evapotranspiration deficit (drought) function at site x (index from 0 to 1);
EDmaxt = maximum evapotranspiration deficit tolerable by species
Since this method of calculating water stress uses a species response parameter which can be
directly compared to field measurements of water potential, it has been preferred to the conventional
unquantifiable method of scaling species drought stress tolerance parameters from a value of 0 to 1
(Pastor & Post, 1985; Kienast, 1987; Bugmann, 1994).
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Figure 4.5: Graph of drought function value against increasing evapotranspiration deficit, where
the maximum tolerable evapotranspiration deficit of the species is 0.28.

b. Soil-water saturation function
Botkin and Levitan (1977) developed a measure of site wetness that was dependent on the depth
of the water table, and the minimum water table depth a species could tolerate. Their measure was an
attempt to quantify the proportion of a root system that may be exposed to water saturation and how
detrimental this would be to a species’ growth. This was taken a step further in ASTROMOD in an
effort to create a more mechanistic formulation of the plant-water interaction. The water table values
were replaced by the percentage of soil air volume saturated with water, and the maximum percentage of
soil air volume saturated with water above which a species could not grow:

Equation 4.19

where,

WSFX = max\ 0,

( WS m ax,^2
I—
WS,

WSFX= water saturation function at site x (index from 0 to 1);
fVSmaxi = maximum percentage of soil air volume saturation tolerable by species i;
WS, = percentage soil air volume saturated with water (%) at site x.
In addition to changing the parameters to the Botkin and Levitan (1977) equation, the ratio of

WSmaXj to WS, is raised to the second power so as to provide a realistic steepness to the slope of the
decrease in tree growth with soil-water saturation. In an experiment where 22 temperate deciduous
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species had their roots submerged underwater for two growing seasons, it was found that most species
managed to continue growing and the death rate was surprisingly low (Frye & Grosse, 1992). This
substantiates further Kozlowski’s (1982a; 1982b) data, which showed that plant growth is insensitive to
the exact value of soil water except near the extreme of saturated soil. Thus, the increase in exponent
was felt to be justified, and further research may show that the exponent ought to be increased even
further.
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Figure 4.6: Graph of soil-water saturation function value against increasing soil water saturation,
where the maximum tolerable soil water saturation of the species is 60 %.

4.5.5.4 Soil nutrient function
In theory, one could introduce into the model a nutrient response function for each chemical
element required in plant growth. In practice, this is unnecessary. Some elements vary together so that
the variation in one represents, for the purposes of the model, the variation in the other (Pastor & Post,
1985). Some elements are rarely limiting, and where they are, a specific response function could be
added. Also, data are insufficient to develop a complete set of nutrient response functions (Botkin,
1993).
Once again, one can adopt Liebig’s “Law of the Minimum”, where the element present in the
least relative amount sets the limit to growth. Among the macronutrients, nitrogen is identified as
particularly important, especially in Mediterranean ecosystems (Nadelhoffer et a l, 1985; Kimmins,
1987; Pastor et al., 1984). In ASTROMOD, nitrogen is therefore the only nutrient that is considered for
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the soil nutrient function. Nitrogen is also one of the few elements for which the response of trees under
natural conditions is sufficiently well studied to develop realistic simulations (Aber et a l, 1990;
Hendrickson, 1990; Stevens et a l, 1990; Van Miegroet et al., 1990).
A significant problem in linking soil nitrogen concentrations with vegetation dynamics models
is the difficulty in estimating the actual concentrations of nitrogen available for absorption by plants.
Most of the nitrogen present in soils is not readily available to trees. Huntington et al. (1988) have
estimated that the total amount of nitrogen present in soil can be as much as 10,000 kg ha'1, while the
general consensus is that nitrogen available for plant absorption rarely exceeds 100 kg ha'1yr'1 (Clark &
Rosswall, 1981; Pastor et al., 1984; Aber et a l, 1990; Hendrickson, 1990; Stevens et al., 1990; Van
Miegroet et a l, 1990). Since available nitrogen measurements are complex and expensive, the majority
of gap models estimate a site’s available soil nitrogen by averaging published measurements from other
sites with a similar vegetation community, with values usually averaging below the 100 kg ha'1 yr'1
level.
In the hope that available nitrogen concentrations could be extrapolated from field
measurements within the Astroni crater, attempts were made to measure site specific nutrient
concentrations using anion/cation absorption resin bags (see Section 3.4.2). The failure of the
experiment meant that an alternative technique to estimating soil fertility had to be found. A survey of
the literature found that soil fertility had been extrapolated from soil depth and organic matter content.
This technique was used by Boer et al. (1996) for estimating site fertility in dry Mediterranean areas of
Spain. On the other hand, soil nitrogen levels are rarely constant, and this was proved by the resin bag
measurements. Thus, die use of average soil nitrogen concentrations could potentially lead to unrealistic
results.
A way around the problem of estimating realistic available nitrogen concentrations for
modelling is to develop a model of soil organic matter turnover (Weinstein et al., 1983; Pastor & Post,
1985). Nitrogen availability is largely determined by nitrogen mineralisation i.e. the conversion of
organic nitrogen to ammonium with concomitant release of C 0 2 (Alexander, 1977). Thus, in modelling
the availability of soil nitrogen, the coupling between the carbon and nitrogen cycles can be considered
explicit. Several models of the carbon cycle have been constructed for forests (Aber & Melillo, 1982;
Weinstein et a l, 1983; Pastor & Post, 1985; Aber et al., 1990). However, nitrogen mineralisation
depends on climate, and on the type of carbon compounds with which it is bound (McClaugherty et al.,
1985), and most of these models do not consider these effects. The LINKAGES model by Pastor & Post
(1985), was the first to fulfil both requirements, and has been successfully integrated into many
subsequent vegetation dynamics models (Pastor & Post, 1986; 1988; Shugart & Urban, 1989; Bugmann,
1994; Martin, 1992; Pastor & Naiman, 1992). For ASTROMOD, a development of LINKAGES by
Bugmann (1994) was used. Attempts to translate the yearly calculations of the LINKAGES model to
monthly ones were unsuccessful because of the difficulty in finding monthly data of forest organic matter
turnover. As a result, a yearly soil-nutrient sub-function had to be incorporated into ASTROMOD by

120

summing the monthly production of dead organic matter. This is an unsatisfactory compromise since the
release of nitrogen in forest ecosystems has been found to be strongly linked to seasonal changes in
temperature and humidity; the resulting flux significantly influencing productivity (Aber et al, 1990).
What follows is a description of the nitrogen/organic matter algorithms used in ASTROMOD. For a
more detailed analysis of the algorithms see Bugmann (1994). Note that although the gap area is 625
m2, all area parameters are converted to hectare units to avoid confusion.
a. Modelling biomass cycling

i. Litter production
Two sources of litter fall are distinguished: the annual production of Utter by Uving frees (roots,
twigs, and leaves); and the Utter accumulation when a free dies (roots, twigs, leaves and stemwood). The
total annual Utter production is calculated by summing the Utter produced by each free cohort over aU
the cohorts. An assumption of the model is that each species produces leaf Utter of one given quaUty.
The quantity of foUage Utter produced annuaUy is calculated from free foliage weight:
Tree ChNumber.

Equation 4.20

FLlq%i =

^

(

A.liV€
CFWlcx x

xA F
^

<c=1

XDe<Ul-

where, FLlq x = foUage Utter produced ( kg ha'1yr'1) at site x;
LQi = leaf Utter quaUty group (1 = fast decaying , 3 = slow decaying);
Tree ChNumberx = total number of free cohorts at site x;
tc = free cohort;
CFWtcx = cohort foUage weight (kg) at site x;
A live,cx = number of frees aUve in the cohort at site x;
FRTtc, i = average foUage retention time of species / (yr),
Deadtcx = number of frees dead in cohort at site x;
AF = conversion factor to determine organic dry matter content (0.92 %/100).
A species specific parameter, LNC\ (average leaf nitrogen concentration, mg g'1, of species i), is
used to classify the species according to leaf litter quaUty group, LQi (Table 4.2).
Litter Type

Initial nitrogen concentration
(% of biomass)

Slow decaying leaf litter (LQi = 1)
Medium decaying leaf Utter (LQi = 2)
Fast decaying leaf litter (LQi = 3)
Twigs
Wood
Roots

0.6
1.0
1.6
0.3
0.3
0.93

Table 4.2: Param eter values for initial nitrogen concentrations, InitL, of litter (Ellenberg, 1988).
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The twig litter is calculated assuming that twig litter fall is proportional to tree basal area:
Tree ChNumberr

Equation 4.21

TLX =

^

x Tree Numbertcx x Conv x AF

KX

tc - l

w here,

TLX=

t w i g litte r p r o d u c e d ( k g h a ' 1 y r '1) at s it e jc;

Dtcx = cohort diameter (cm) at site jc;
Conv = factor to convert basal area to twig litter (0.0025 kg cm'2);
Tree Numbertcx = Number of trees, both dead and alive, in cohort at site x.
Plants have to achieve a general balance between the root system, which supplies the leaves
with sufficient water and mineral nutrition, and the shoot system,which must manufactureenough food
for the maintenance of the root (Kummerow et al., 1978). Roots are therefore assumed tohave a
turnover rate proportional to the turnover rate of foliage:
Equation

4.22

RLX — RSR X FLX

where, RLX= root litter produced (kg ha'1yr'1) at site jc;
RSR = root to shoot ratio (4.0).
The amount of woody Utter produced by the dead trees of a cohort is calculated from stemwood
biomass based on allometric relationships from Burger (1945-53), Sollins et a l (1973), and Woods et al.
(1991):
Tree ChNumber,

Equation

4.23

FPZ/X=

(o.l2 x D (cx2 4 x D eadtcx j X AF
tc=I

where,

WLX= wood Utter produced (kg ha'1yr'1) at site x.
For each of the six types of Utter that are accumulated every year, a litter cohort is created

which is defined by its total weight and by its nitrogen content. The nitrogen content is calculated by
assuming an average nitrogen concentration depending on the Utter tissue type (Table 4.2), (EUenberg,
1988):
Equation 4.24

N ltcx = InitNL X OM tcx

where, Nk:x = Utter cohort’s nitrogen content (kg ha'1) at site x;
Inith = initial nitrogen content of litter type L;
OMicx = Utter cohort’s organic matter content (kg ha'1) at site jc.
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ii. Litter decay
For foliage and root litter, the decomposition of the organic matter is predicted from the lignin
to nitrogen ratio of the tissue (Melillo et al., 1982) and actual evapotranspiration (Meentemeyer, 1978).
Actual evapotranspiration is assumed to characterise the humidity as well as the temperature of the soil
layer, thus avoiding complex simulation of these two environmental determinants. Stemwood and twigs,
on the other hand, are assumed to decay at constant rates (Pastor & Post, 1985).
The foliage and root decay equations are therefore formulated as:
Equation 4.25

^

At

( - 0.00496 + 1.93 x I0~s A E T )
= -OM c - 0.009804 + 0.009352 AET ’ NMR „ v
w

where, AOMk /A t = litter cohort’s organic matter decay (kg yr'1) at site x;
AETX- actual evapotranspiration (mm yr'1) at site jc;
Ligtiicx = litter cohort’s lignin content (%) at site x;
NMRk x = litter cohort’s nitrogen to organic matter ratio at site x.
Lignin content is calculated by:

Equation 4.26

Lignlcx = 0.588792 + 0.380677 x

OM kx

-------

OMinitlcx

where, OMinitkx = initial Utter cohort’s organic matter content (kg) at site x.
The nitrogen to organic matter ratio is calculated by:

Equation 4.27

NMRlcx =

OM,c,

Finally, the stemwood and twigs decay equations are:

AOM1cx
Equation 4.28

— — — = D e ca y R a te L x OM lcx

where, Decay RateL = decomposition rate for Utter type L (% yr'1),
The decay rate for wood is set at 0.3 percent per year and for twigs as 2 percent per year (Pastor
&Post, 1985).
The amount of nitrogen immobilised by the Utter decay is then calculated as foUows:

N immobilised lc_
Equation 4.29

At

AOMlc _
= —NIP X
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At

where, N immobilisedic/At = nitrogen immobilised by litter cohort’s decay (kg ha'1yr'1) at site x;
NIP = nitrogen immobilisation parameter (0.005),
The nitrogen immobilisation parameter is the amount o f nitrogen immobilised per unit organic
matter respired. Pastor & Post (1985) used species specific values of this parameter in their calculations
of both the fitter cohort’s lignin content and nitrogen immobilised by Utter decay. Bugmann (1994)
carried out a sensitivity analysis to explore the effect that changes in this value would have on the model
output. Hie concluded that the differences in output were negligible when different nitrogen
immobilisation parameters were used, and there was therefore no need for a species specific value. A
constant value of 0.005 was used instead, which represented the average value from the range estimated
by Pastor and Post (1985).
While nitrogen is immobilised by the litter cohort, part of the nitrogen within the fitter cohort is
lost by leaching. This loss is calculated as:

N leached lcx

—------ = Leaching rate x N lc

Equation 4.30

where, N leachedlcx/At = nitrogen leached from fitter cohort (kg ha"1yr'1) at site x;
Leaching rate = nitrogen leaching parameter (% yr'1),
The leaching rate is set to a value of 16 percent per year (Cole & Rapp, 1981).
The total and nitrogen weights of a cohort is then calculated as:

Equation 4.31

A OMlcx
OM }cx = OMlcx + ----- — ----

and

Equation 4.32

N immobilisedlr _ N leached Ir_
N,cx = N kx + ------------------------------------- -----------

A fitter cohort is transferred to the humus compartment when its current nitrogen to organic
matter ratio (NMRkx in Equation 4.27) exceeds the critical ratio of the corresponding fitter type (Table
4.3), (Bosatta & Agren, 1985).
Litter Type
Slow decaying leaf fitter
Medium decaying leaf fitter
Fast decaying leaf fitter
Twigs
Wood
Roots

Critical nitrogen concentration (%)
1.5
1.7
2.0
0.9
2.0
1.5

Table 4.3: Parameter values for critical nitrogen concentrations of litter cohorts (Bosatta & Agren,
1985).
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iii. Humus decay
Bugmann (1994) recalculated the data in Pastor et al. (1984) to develop a new set of equations
that simulated humus nitrogen turnover. A linear equation was developed so that the litter nitrogen to
organic matter ratio, the amount of humus organic matter present and actual evapotranspiration could
all influence nitrogen turnover. This corrected the unrealistic tendency present in the Pastor & Post
(1985) equations for the nitrogen mineralisation rate to reach infinity when the Utter nitrogen to organic
matter ratio approached a value of 2.984%. As in the calculation of Utter decay, actual
evapotranspiration is assumed to characterise the humidity as weU as the temperature of the soil layer:
Equation 4.33

M kx
At

(
A T7r71
\
AET
f
-0.0001317
^
= -M A X 0.00079702+-----— ------- , 0.005 x MIN
f * xO M h x
1 2 0 0 - AET
V
N C >*
J

where, AN<„X/At = humus nitrogen release (kg ha'1yr'1) at site jc;
Omhx = humus organic matter content (kg ha'1) at site jc.
nLC.

5X,

Equation 4.34

A'C,, = --------------------C M y.% O M , cx
lc—1

where, NCix = nitrogen to carbon ratio of all litter at site jc;
nLCx = total number of Utter cohorts at site jc;
CM = carbon to organic matter ratio (0.48).
The turnover of humus organic matter is assumed to be proportional to the turnover of nitrogen:

AOMhx
Equation 4.35

A/

ANtx
= — ----- X

At

OMh,
N tx

where, AOMhJAt = humus organic matter decay (kg ha'1yr'1) at site jc;
N„ x = humus nitrogen content (kg ha'1) at site jc.

rv. Nitrogen availability for plant growth
The amount of nitrogen available for plant growth is the nitrogen released by the decaying
humus after sequestration by the decaying litter. Deposition of atmospheric ammonium and nitrate is
also assumed to contribute to the available nitrogen:
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fANh \
Equation 4.36

nJ£*( N lr „ M o b i l i s e d >

AN}

+ AtmNDx

where, ANX= nitrogen available for plant growth (kg ha'1y l) at site jc;
AtmDNx = nitrogen deposited onto site x from the atmosphere (5 kg ha'1y'1).
Because of the absence of data from the Astroni crater, the 5 kg ha'1 value for nitrogen
deposited from the atmosphere was taken from Pastor and Posts’ (1985) own estimates. The available
nitrogen not used by the plants in a given year is assumed to either leach out of the soil or is broken
down to volatile compounds.
b.

Response of plant growth to available nitrogen levels
The general response of a plant to the concentration o f a required chemical element in the soil

shows the characteristics of a dose-response curve (Aber et a l, 1979). In other words, at low
concentrations of a chemical element in the soil, a unit increase causes a large increase in growth, and at
high concentrations, the same unit increase causes a small increase in growth. When concentrations are
sufficiently high, additional increases in the soil lead to no growth increase and eventually a suppression
of growth.
Once again, an attempt has been made to replace subjective classifications of species nitrogen
tolerance with parameters that could potentially be measured in the field. The similarity between the
responses of plant growth to light intensity and available soil nitrogen concentrations enables the use of
the same equation structure:

Equation 4.37
where, NFX= available soil nitrogen growth determinant function for site x (index from 0 to 1);
Nhopti = species specific available soil nitrogen levels for achieving half optimal growth rate
(kg ha'1);
Nrnirii = species specific available soil nitrogen level below which growth is not possible (kg ha'
l).

The new parameters can be directly estimated in experiments and are therefore more
accountable. The equation also allows a more detailed distinction between the growth response of
different species, to similar levels as the other environmental determinants functions.
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Figure 4.7: Fertility function dose response curve with increasing available nitrogen.

4.5.6 The mortality function
Plant species demographic data show a characteristic u-shaped curve in mortality rates. Young
trees die at a high rate principally as a result of competition for light, while old trees are under
increasing stress as they have to dedicate a greater proportion of their photosynthetic products to
structural tissues (Goff & West, 1975; Harcombe, 1987). In both circumstances, the added stress results
in a marked decrease in growth rates. Thus, the first source of tree mortality is stress related. The second
source of tree mortality is chance, which is unrelated to stress i.e. inherent risk of death.
4.5.6.1 Stress related death
Trees that grow below their optimum have a higher chance o f dying than healthier ones (Jones,
1992). There are many causes for this higher mortality, including the inability to produce sufficient
secondary compounds to resist diseases and insect attacks, and a higher likelihood of being blown over
by wind as a result of structural weakening (Botkin, 1993). This mortality function is a simple way to
approximate the sum of the effects. Botkin et al. (1970a) proposed a formula which compared the last
annual growth increment to a minimum value. If the last annual growth increment was lower than this
minimum, then the tree would have a mortality probability of 0.368. The minimum growth increment
was set to a value of 0.01 cm for all species. This method was not adopted in ASTROMOD because it
was thought highly implausible that trees with a growth increment above 0.01 cm y r'1 would not die as a
result of environmental stress. Also, some species are naturally slow growing, and a low growth
increment may not imply that the plant individual is under stress. Thus, a new equation was developed
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that related a linear decrease in the individual’s optimal to actual growth rate ratio (i.e. an increase in
stress), with an exponential increase in the probability of death:

GRR„ =

Equation 4.38

^

J Optimal

and

SRMX = (e Ge*2)"5

Equation 4.39

where, GRRX= actual to optimal growth rate ratio for plant individual at site jc.
SRMX= stress related probability of death for plant individual at site jc.
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Figure 4.8: G raph of Growth Rate Ratio against Stress Related Mortality.

Thus, the SRMX value for a tree with a growth rate ratio of 1 is a token 0.5 %, and increases
exponentially to 30 % when the growth rate ratio is 0.5. After that point, the SRMX value increment
decreases as it reaches a value of 1. Although there is no evidence to substantiate this new equation, it is
certainly an improvement on the function that all other gap models have used.
4.5.6.2 Inherent risk of death
This is defined as death that might be expected to occur to any healthy tree that is occupying a
favourable environment, with or without competition from other trees. This is assumed to be an
exponentially distributed event whose probability of occurring is directly related to the expected life span
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of the tree species (Harcombe, 1987). This assumes that no more than a small fraction of the healthy
trees should reach the maximum age. This fraction is usually estimated as 1 % for forest gap models
(Botkin et al., 1970a; Shugart et a l, 1984). The inherent risk of death is expressed as:
Equation 4.40

M —1(1 —ARM xJAmax‘

where, M = probability that a 1 yr old tree will reach the maximum age (i %);
AmaXi = potential maximum age that an individual of species / is able to reach;
ARMX= age related probability of death for plant individual at site x.
i.e.

Equation 4.41

4
ARMX = —------Amaxi

The constant M could have different values for each species, but it has not been necessary to
make such distinctions. The parameter would be far too precise for the output levels necessary in these
models.
4.5.6.3 Tree mortality probability
For each tree, in each year, a random number is selected. If it is less than the sum of the age
and stress related probabilities, the tree dies.
4.5.7 The regeneration function
Population models consider additions to a population as beginning either with birth or with
recruitment (Botkin, 1993). In principle, modelling regeneration in forests ought to begin with seed
production and germination. On the other hand, the calculation of the addition of a large number of
germinated seeds that within a short time span suffer a high rate of mortality would add little realism,
accuracy, or generality to the model (Shugart et al., 1984; Botkin, 1993). Recruitment, where
individuals are included in the population when they reach some minimum age or size, is therefore the
logical choice for modelling regeneration.
Regeneration is the most diversely simulated area in gap modelling, with a vast array of
boolean (i.e. able to regenerate or not able to regenerate) and stochastic algorithms. None of the
proposed functions where particularly convincing, and improvements on them were difficult as a result
of lack of baseline regeneration data. The germination requirements of seeds and the growth
requirements of seedlings are complex and vary widely among species (Larcher, 1995). Laboratory
experimentation, especially for Mediterranean tree species, is rarely available. Because of this, few
conceptual generalisations can be proposed to model recruitment, and it has not been possible to develop
monthly regeneration algorithms. In the end, it was decided to adopt the original and simple approach
used in JABOWA by Botkin et al. (1970a). Thus, in ASTROMOD, the size of each newly recruited
sapling is determined by a stochastic function, reflecting variability in the population. Saplings are
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recruited to a population at a randomly selected height between 137 cm (i.e. where DBH > 0) and 167
cm (arbitrarily selected). The DBH is then calculated from the height value.
Only seedlings of those species that can grow under a plot’s environmental conditions can be
added to a plot in any one year. A simple yearly equation was developed on a similar theme to that of the
growth function, where environmental conditions influence growth. The number of saplings added to a
plot in any year is a stochastic function of a species specific maximum (determined by the seed
productivity of the species and the survivorship of die seed and seedling in optimal environmental
conditions), multiplied by die site quality (which is die product of the light function value at the forest
surface and the remaining environmental functions):
E quation4.42
where,

Eix = £ x OSNt x A x L F x xTFX XEDFX XWSFX XNFX

x = number of seedlings of species i added to site x;
£ = random number between zero and one;
OSN, = max. number of saplings of species that can be added (# m'2);
A - gap area (625 m2).
Thus, the poorer the growing conditions for the species, the less likely saplings will enter.

Variations on this approach have been used by all the gap models to date, but none offer significant
improvements (Shugart et a l, 1992).
4.5.8 Summarising model output
Although DBH of tree individuals is the central value in the vegetation dynamics model,
density, basal area and biomass of tree species per unit area have been selected as the principal outputs.
These three parameters are the most commonly used measurements in ecological studies of tree
communities, and are therefore ideal for testing and applying the vegetation dynamics model results.
The calculation of density is straightforward since the number of tree individuals are delimited
by the gap area, in this case 625 m2. For basal area, the standard forestry equation is used:

Equation 4.43

^
0.5
BA. , = > 7T -------tx ^ I 100

2

where, BAix = basal area (m2 m'2) of species i at site x.
A vast range of equations has been proposed for estimating the biomass of temperate tree
species from DBH. Many of these have been calculated from the felling of a small number (<20) of
individuals from specific sites, and because of the contrasting growing conditions, different estimation
techniques, and intra-species genetic variability, there is a significant range in equations (Satoo &
Madwick, 1982). For Mediterranean tree species, there is an added problem which is exemplified by the
following example. In the biomass data compiled by Cannell (1982), only one study of Mediterranean
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species is recorded. To date, Quercus ilex has been the only species which has had any significant
biomass research (e.g. Canadell et al., 1988). It is therefore difficult to provide biomass equations for
individual tree species within the Astroni crater. Thus, the same equation that has been used to estimate
the amount of woody litter produced by dead trees based on allometric relationships from Burger (194553), Sollins et al. (1973), and Woods et al. (1991), is used for estimating species biomass from the
vegetation dynamics model:
Equation 4.44

Bix = £ (0.12 D0'24)

where, Bix = biomass (kg m'2) of species / at site x.

4.5.9 Contagion
Contagion can be defined as the influence of a gap unit on its neighbours. The less the
dynamics of the modelled forest landscape are a consequence of contagion among the mosaic elements,
the more easily the computations of the model are performed (Weinstein & Shugart, 1983). This is the
main reason why the majority of gap models avoid the incorporation of contagion, although this is a
fundamental aspect of forest dynamics, from seed dispersal to disease and pest distribution, to the spread
of fire (Forman & Gordon, 1986).
Several attempts have been made to incorporate spatial interactions within gap models (Smith
& Urban, 1988; Urban et al., 1989; Van Voris et al., 1990; Woodby, 1991). The most widely cited
spatial gap model, ZELIG (Urban et al., 1989) has a grid of 10 by 10 m plots interacting with each
neighbour, while the edge effects o f the external plots are eliminated by creating a toms. The principal
element of contagion in ZELIG is light, where the reduction in light levels are calculated by taking into
account different proportions of leaf weights from neighbouring plots (Figure 4.9). 50 % from the four
adjacent grid units and 25 % from the four grid units situated in the comers.
The initial version of ASTROMOD was developed with a major improvement on this theme. A
grid of hexagonal plots was used (Figure 4.9), hexagons being more similar to the shape of tree-fall gaps
(i.e. circular), compared to the square plots of all other gap models. This also reduced the interactive
links between plots (six in a hexagonal grid compared to eight in a square grid), thus saving on
computation time. Because of the hexagonal shape, the proportion of contagious influence was also
equal for all plots.
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Figure 4.9: Square and hexagonal grid systems for incorporating the effects o f contagion in gap
models (the light green represents overlap areas). ZELIG method on the left hand side,
ASTROM OD method on the right hand side.

An example o f contagion functions which could have been incorporated into the model included
regeneration, which is spatially dependent i.e. a species has a higher chance to regenerate in a plot the
closer a seed-bearing tree o f the same species is to that plot. Simulation o f fire behaviour was also an
important potential com ponent, since there is evidence that fire has determined the state o f some
vegetation com m unities in the Astroni crater e.g. the garrigue. Landslides are also phenom ena which
require contagious modelling.
In principle, establishing spatial interactions within A STROM OD is a straight-forward task,
since the vegetation dynam ics sim ulations are dependent on environm ental data from the GIS. For the
spatial interactions to take place, the tree diam eters for all 3,949 plots had to be stored in the m em ory
simultaneously. Unfortunately, trial runs o f this version proved too dem anding for the com puter
available at the time and a non spatial model had to be developed instead. Therefore, in the present
version o f ASTROM OD, each plot is simulated individually and the effects o f fire and parent-plant
proximity in regeneration have been excluded.
One o f the justifications used in excluding the effects o f contagion in other gap models, in
m odelling regeneration for example, is that since trees produce large numbers o f seeds, only a few seedbearing trees can repopulate significant areas (Botkin, 1993). This is only realistic for areas at local
spatial scales, and this may be the case for the Astroni crater. In order to realistically model species
m igration over larger areas, such as at the ecoregional scale, one would certainly have to incorporate
contagion into the model. For example, some tree species have been shown to migrate up to 1000 m y r'1
(Collingham et al. , 1996).

4.6 Estimating species specific parameters
A total o f 15 species parameters are required in the vegetation dynam ics model. These are
DmaXj, HmaXj, C„ Amax;, G„ DEGDmini, DEGDmax,, PARhsp,, PARcomp,, EDtnaxu WSmaxi, NhopU,
Nmirii OSN, and LNC) (see Appendix for definitions). In theory, species parameters could be determ ined
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from laboratory experiments in which allometric and physiological parameters are measured over a
range of environmental conditions, as has been done in some cases, primarily for seedlings (Ledig and
Korbodo, 1983). However, there may be considerable differences in response between seedling, sapling,
and mature stages of an individual tree, and among individuals and ecotypes within a species, so that
determination of an average response for the growth conditions might require measurements of many
individuals known to be representative of the variability within the species. Such extensive
measurements are not available for most species. The majority of parameters are instead estimated from
ecological and physiological studies in the field.
Parameters were sought for the woody species that were found in the survey of the Astroni
crater, including species that were rare (e.g. Mespilum germanica). The principal reason for selecting
the survey species was so that ASTROMOD simulations could be directly compared to die survey data.
Although rare species may play a minor role in die ecosystem’s dynamics at present, they may play a
greater part if environmental conditions and management practices change in the future. However, all
low maquis and garrigue scrub species (e.g. Genista spp., Myrtus communis) were excluded because the
model was solely developed with the intention to predict vegetation change within woodlands. A novel
modelling approach to integrate maquis vegetation dynamics into ASTROMOD is discussed in Chapter
6. The option to include common woodland species of the Tyrrhenian coast that were not present within
the crater (e.g. Pinus pinaster) was considered, but because of the relative isolation of the crater it was
decided that the probability of these species being able to disperse to the crater and find a suitable habitat
for establishment would be low.
Below is a description of the procedures adopted for the estimation of species parameters. The
main sources of species parameters were: Larcher (1973); Margaris and Mooney (1981); Margaris et a l
(1984); Polunin and Walters (1985); Kienast (1987); Canadell et al. (1988); Ellenberg (1988); Harrison
and Shugart (1990); Kienast and Krauchi (1991); Prentice and Helmisaari (1991); Frye and Grosse
(1992); Lillis and Fontanella (1992); Ldpez-Soria and Castell (1992); Terradas and Sav6 (1992); Botkin
(1993); Gratani (1993); Lo Gullo and Salleo (1993); Mebrahtu et al. (1993); Pigott and Pigott (1993);
Tretiach (1993); Brzeziecki and Kienast (1994); Bugmann (1994); Paraskevopoulos et a l (1994); Niklas
(1995); Sykes et a l (1997) and ECOFLORA on the Internet. Tables 4.8 and 4.9 present the species
parameters used in ASTROMOD.
4.6.1 Estimating Dmaxh Hmaxh Ct and AmaXi.
Probably the best way to determine allometric parameters of species, such as maximum height
and diameter, would be to measure the distribution of these parameters in old-growth forests that are not
subject to strong environmental stress. A theoretical distribution could be fitted to such data, for
example, an exponential distribution in the case of maximum age, and the parameters could then be
estimated from these distributions. However, data from old-growth Mediterranean and subMediterranean forests is scarce. Moreover, it would be difficult to obtain these data for many tree
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species. A simpler and necessarily less accurate approach had to be adopted to derive an estimate of
these parameters.
A large database was compiled for deriving these three parameters from silvics descriptions.
From every reference, the maximum diameter, height and age were recorded for every species listed.
The species parameters were then calculated from the average of the mean and maximum values, since
the arithmetic mean of all values does not reflect true maximum dimensions, and the maximum o f all
values would introduce a strong bias towards exaggerated large dimensions (after Bugmann, 1994).
Measured values for C, were more difficult to find, and in general, species were ranked
according to the degree of leaf sclerophylly and a value was assigned accordingly.
4.6.2 Estimating Gi
The relative growth rate parameter, Giy is one of the most difficult to estimate since no studies
were found that monitored the growth of individual trees in optimal conditions. Based on yield data,
identification procedures were used in an attempt to determine die G, parameters of several species, but
for the majority of species, not even yield table data could be found. Moreover, yield table data do not
reflect the maximum growth of single trees, but rather the average growth of tree populations. Limited
research has been carried out on the growth rates of Mediterranean species. Paraskevopoulos et al.
(1994) monitored the percentage cover, biomass and leaf area changes of four species, Arbutus unedo,
Erica arborea, Quercus coccifera and Phillyrea latifolia, over a period of 30 years after removal of all
aerial biomass. The first two species were found to have the highest initial growth rates. As the age of
the stand increased, limitations in resources greatly reduced the growth rates o f Arbutus unedo and
Erica arborea, while die initially slower growing Quercus coccifera and Phillyrea latifolia, registered a
lower decrease in growth rate, and were envisaged to ultimately dominate the site in the absence of
further disturbance. Unfortunately, the measured values were limited to area units, while measurements
of individual growth rates accompanied by environmental measurements of light, hydrological, nutrient
and temperature status, would have been significantly more useful for modelling purposes. Thus, most of
the information on growth rates for Mediterranean species is qualitative and so the values had to be
estimated.
4.6.3 Estimating DEGDmini and DEGDmaXi
The annual sum of monthly temperature effects shows growth declining gradually toward the
geographic limits of the range of a species, so that growth would decline asymptotically with
temperature toward zero instead of ceasing abruptly at one temperature. This is defined as a Gaussian
curve. Botkin (1993) proposed an equation using growing degree-days that would have gaussian
characteristics:

Equation 4.45
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where, TFX= temperature response function at site x;
DEGDX= growing degree-days of site x;
= species specific average of the maximum (DEGDmaxt) and minimum (DEGDmini) degreeday limits;
ax = estimate of the standard deviation of growing degree days of site x.
The species specific temperature parameters for Equations 4.13, 4.14 and 4.15 were derived by
estimating the values that gave the best fit to Botkin’s temperature response function as described in
Section 4.4.5.2. This meant that all the species specific temperature parameters were reliant on the
estimation of DEGDmiVi and DEGDmaXi from the literature. The species specific maximum and
minimum degree-day limits are generally estimated by comparing species range maps with lines of
temperature isotherms for January (coldest month) and August (hottest month), respectively.
Comparisons can be carried out not only with maps showing latitudinal differences, but also those
showing variation in altitude. The use of the latter allows for a much higher resolution, with a
concurrent increase in reliability by excluding areas that limit a species distribution by factors other than
temperature differences, such as drought or competitive exclusion by better adapted species.
Unfortunately, this information is not available for Mediterranean species. Instead, Mediterranean
species range maps within the European continent were used (Polunin & Walters, 1985).
4.6.4 Estimating PARhspt and PARcomph
The development of the new light tolerance function for ASTROMOD has allowed a more
reliable estimation of species specific light parameters. Many field and laboratory studies have been
carried out on the photosynthetic response of leaf tissue to varying light intensities (Larcher, 1995). It
was therefore surprisingly straightforward to find actual compensation and saturation point data from
the literature for most temperate species and a few Mediterranean species.
4.6.5 Estimating EDmaxt and WSmaxh
The problem of deriving reliable drought tolerance data for tree species is evident when one
considers the large discrepancies in the drought tolerance assigned by various authors (e.g. Kienast;
1987; Prentice & Helmisaari, 1991). In practice, EDmaxt and WSmaxt have been estimated as relative
factors, with species known to be characteristic of very dry or very wet sites, given extreme values, and
other species given intermediate values consistent with the known habitats. Assigning values is a
relatively straight forward task since there is a wide discrepancy in drought and soil-water saturation
tolerance between temperate and Mediterranean species, thus allowing a certain margin of error. This
qualitative approach to parameter estimation is supplemented by the considerable field and laboratory
measurement of xylem and leaf potentials when the plant is subject to drought or flooding stress (e.g.
Br6da et al (1995) for Quercus petraea and Quercus robur).
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4.6.6 Estimating NhopthNminh FRTt and LNCt
Few studies were found that gave minimum and optimal nitrogen levels for each species. Most
values were estimated from indices of tolerance to infertile soils, and the range of tolerance, such as
those given in EUenberg (1988). The quantifiable nature of the new nitrogen tolerance parameters will
allow for more reliable derivation of values as more research is carried out.
The FRTt parameter estimation was straightforward. A value of 1 year was assigned to all
deciduous species, while there were several studies on leaf retention for evergreen species. Where values
differed for the same evergreen species, a mean value was taken. For L/VC„ the mean value was also
calculated when more than one measurement was found.
4.6.7 Estimating OSN{
Many gap models present a single artificially high value for OSNit assuming that the
environmental conditions within the gap will rapidly exclude the seedlings that are not adapted to the
conditions (Pastor & Post, 1986; Leemans & Prentice, 1989). Sensitivity analysis on this parameter (see
Section 4.7.2.1) shows that variation in values does result in significantly different simulation outcomes.
Since there are a multitude of factors that determine seedling densities other than the environmental
functions, subjective species values had to be given. On the other hand, a selection of measurable factors
was used to estimate OSNt. These included seed weight, average seed productivity, frequency of good
crop, tree age to first seed production, seed’s ability to germinate immediately and seed’s ability to
survive for long periods. These factors were also used by Brzeziecki & Kienast (1994) for their plant
functional type classification (Table 4.4). OSN, minima and maxima of 0.02 and 0.6 saplings m'2 were
taken from Botkin (1993).
4.6.8 The species parameters
Since there have been no published attempts to model the vegetation dynamics of
Mediterranean and sub-Mediterranean forest ecosystems at the plant-individual scale, the original
objective to derive species parameters from literature on physiological, ecological and forestry research,
described above, was not always successful. Searches showed that literature on Mediterranean species
were published in many languages and widely dispersed, with much of the information on species of
lesser economic importance either unpublished or obtainable only from ancient texts of dubious
scientific accuracy. When literature was found, a major frustration was the absence of a complete
description of environmental conditions within ecological studies. The majority of these concentrated on
one or two environmental parameters only, thus making comparison between studies very difficult. For
example, a comparison of a species’ growth rate with different soil nutrient levels between two regions
could not be carried out accurately if other important environmental characteristics, such as drought
stress, were not given. This made the task of collating reliable parameters for all the species within the
Astroni crater almost impossible.
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For the parameters which were not found in the literature, a different approach to parameter
estimation was instead adopted. All the species within the Astroni crater were classified into plant
functional type categories as defined by Table 4.6. The classification was carried out with all the
descriptive data available, quantitative and qualitative. If a particular species’ parameter had not been
found in the literature then the value of the species’ functional type category was used instead.
Several gap modellers have attempted to analyse their species specific parameters so as to
define plant functional types for particular geographic regions (Brzeziecki & Kienast, 1994; Bugmann,
1996). Brzeziecki & Kienast (1994) classified 36 common central European tree species into ruderal
(Group R), stress-tolerant (Group S), competitive (Group C) and intermediate groups (Groups C-S; S-R
and C-R-S) according to species-specific ontogenetic and ecological attributes. Table 4.4 shows the plant
functional type parameters for each group identified.
Parameter
Dmaxi

Group
R
117.8

HmaXi

29.1

Group
C
131.1
34.9

Amaxt

122.2
214.2

316.7
95.5

101.6

88.8

500.0
69.5

477.8
1.4

615.6

564.0

520.0

620.0

2.8
1458

3.5
5.0
3.2

12
96.3

Gi
Wderii

Group
C-S
174.0

Group
C-R-S
160.0

46.4
410.0

4L!
450.0

Wrest
Ssizei

0.4

2.1
62.4

Scropi
Sminpi

1.6
25

1.8
42

12
66

SGdeh

1.0

2.4

1.8

Sprepi

24.4

13.8

Ilighti
Itempi

10
3.6

3.0
3.7

Group
S
73.3

Group
S-R
52.5

19.3

17.5
96.2
165.5
668.6
2.1
180.6

35

3.3
55

1.9
21

1.0

10

2.0

16.8
2.4

9.0
10

9.5
2.3

25.7
3.6

2.5

2.7

10

Ifrssi

1.3

2.4

3.0
12

1.9

1.8

10

2.8

1.5
1.0

2.0

Iwinti

2.3

1.9

Iamph

3.9

£9

4.6

2.5

3.3

4.7

IdrU

3.1
2.4

2.8

3.4

2.7

2.2

1.5
2.0

2.3

Idispi

3.0

15
15

ImsU

37

37

3.6

2.0

2.3

2.5

IniU

2.7

18

2.8

1.5

1.7

3.1

Iacidi

3.4

19

2.8

2.5

2.3

”

...

Table 4.4: Plant functional type parameters from Brzeziecki & Kienast (1994). Although the
majority of parameters shown are averages for the group, those in italics are minimum values and
those that are underlined are maximum values (see Appendix for parameter definition).

Bugmann (1996) classified 30 central European and 72 eastern North American species, with
emphasis on adaptations to environmental conditions in temperate and alpine bioclimates. His analysis
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identified six plant functional types based on an environmental gradient from the cold to the dry
timberline (examples in brackets from central European species): Group 1: deciduous, cold adapted and
shade intolerant (e.g. Larix spp.); Group 2\ evergreen, less cold adapted and shade intolerant, but
drought tolerant (e.g. Pinus spp.); Group 3: evergreen, less cold and drought adapted, but shade tolerant
(e.g. Abies spp.); Group 4: deciduous, shade tolerant but less cold and drought adapted (e.g. Fagus spp.);
Group 5: deciduous, less shade tolerant, poorly cold and drought adapted (e.g. Populus spp.); and Group
6: deciduous, drought adapted, shade and cold intolerant (e.g. Quercus spp.).
Parameter
DmaXi

Group
1
150

Group
2
150

Group
3
210

Group
4
200

Group
5
130

Group
6
200

HmaXi

40

40

50

40

30

45

Amaxi

500
200

500
150

700

200

800

130

450
160

323

323

385

723

300
700

160
785

Gi
DEGDmirii
DEGDmaXj

4655

2777

4491

5230

5405

4778

WiTi

N

N

N

-5

N

DrTj

0.3

0.5

0.2

0.3

0.3

-19
0.4

NToh
BroWi
Lyi
Laj

LQi

1

1

2

2

2
0.4

2
.3

2
0.05

2
0.025

1
2

2
2

0.1

0.1

8
2

7

3

3

3

1
2

5
2

5
2

Table 4.5: Plant functional type parameters from Bugmann (1996). (see Appendix for parameter
definition).

Table 4.5 shows the actual parameter values for each plant functional type derived from the
European species. These parameters where used by Bugmann (1996) to run a gap model simulation of
primary succession with climatic data from an actual environmental gradient in the Swiss Alps (alpine
to dry timberline). The simulation results using plant functional types were compared to results using
species-specific parameters and ground survey data. The plant functional type simulations showed good
correlations with both species simulations and ground survey data, indicating the reliability of plant
functional type classifications for simulating vegetation change with gap models.
Thus, when an attempt to find a reliable parameter failed, then a classification o f plant
functional type parameters was used to help in identifying the appropriate parameter for the species.
First, the Astroni species were classified into plant functional groups (Table 4.6). The influence of
ecosystem determinants on Mediterranean plant species, described in Chapter 2 and summarised in
Table 2.2, was used to assign the Astroni species to functional type categories. For example, according
to the hierarchical subdivision of ecosystem determinants, temperature and precipitation are the two
most important factors. Thus, species were first classified according to their presence / absence in each
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Mediterranean bioclimate. In this case biogeography is not considered since all the species are within
the same site. Once species were assigned to plant functional type categories, parameters in Table 4.4
and Table 4.5, together with known species parameters, were used to estimate parameters for the plant
functional type categories (Table 4.7).
PFT group
Group
A
Group
B

Group
C
Group
D
Group
E
Group
F
Group
G

Characteristics
deciduous, cold adapted, not
drought adapted, shade tolerant,
canopy species
deciduous, cold adapted, not
drought adapted, shade tolerant,
sub-canopy species

Species
Carpinus betulus, Castanea sativa, Quercus
robur, Quercus petraea, Quercus rubra

semi-deciduous, cold adapted, not
drought adapted, less shade tolerant,
gap species
deciduous, less cold adapted, shade
tolerant, more drought tolerant
canopy species
deciduous, less cold adapted, shade
tolerant, more drought tolerant sub
canopy species
evergreen, less cold adapted,
drought adapted, shade tolerant,
canopy species
evergreen, drought adapted, shade
intolerant, gap species

Acer campestre, Corylus avellana, Crataegus
monogyna, Euonymus europaea, Malus
sylvestris, Mespilus germanica, Sambucus
nigra, Sorbus domestica, Ulmus minor
Ailanthus altissima, Populus tremula, Robinia
pseudoacacia
Fraxinus omus, Ostrya carpinifolia, Quercus
pubescens
Ligustrum vulgare

Quercus ilex

Arbutus unedo, Erica arborea, Phillyrea
latifolia, Pistacia lentiscus, Quercus coccifera.

Table 4.6: Plant functional type groups classification for Astroni species.
Parameter

HmaXj

40

20

Group
C
150
30

Q
Amaxi

0.18

0.17

0.15

1000

100

250

0.17
350

20

800

70

Gi

125

160

170

150

200

120

160

DEGDmint
DEGDmaXi

800

800

1100

1100

1500

1500

1500

4,500
265

4,500
275

6,000

6,000

280

350

25

45

EDmaXi

0.45

WSmaXi

DmaXi

Group
A
200

Group
B
50

Group
D
100

Group
E
10

Group
F
150

25

7
0.12

25

Group
G
20
10

0.25

0.2

5,000

5,000
275

5,500
300

30

300
40

30

40

0.25

0.25

0.25

0.3

0.3

30
0.4

45

45

45

35

35

30

25

NhopU,
Nmirii

60
20

60

50

60

50

60

50

20

15

20

15

20

15

OSNi

0.07

0.1

0.13

0.01

0.01

0.015

0.13
0.015

0.07
0.006

0.9

LNCi

0.9
0.015

PARhspi
PARcompi

0.006

Table 4.7: Plant functional type parameters used to estimate species parameters for ASTROMOD.
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Species

Dmaxi

HmaXi

Amaxi

Ci

Gi

OSNt

FRTt

LNQ

Acer campestre

80

22

170

0.157

150

0.085

1

0.01

Ailanthus altissima

200

27

400

0.175

150

0.15

1

0.01

Arbutus unedo

25

12

150

0.250

200

0.085

3

0.01

Carpinus betulus

120

25

220

0.250

160

0.06

1

0.016

Castanea sativa

300

35

3500

0.175

142

0.06

1

0.01

Corylus avellana

70

20

70

0.175

95

0.06

1

0.016

Crataegus monogyna

25

12

70

0.175

180

0.1

1

0.016

Erica arborea

15

10

30

0.175

180

0.1

4

0.006

Euonymus europaea

10

8

20

0.120

220

0.15

1

0.016

Fraxinus omus

100

25

200

0.150

180

0.1

1

0.016

Ligustrum vulgare

8

7

20

0.120

210

0.15

3

0.016

Malus sylvestris

40

15

80

0.175

165

0.085

1

0.016

Mespilus germanica

30

16

50

0.175

175

0.085

1

0.016

Ostrya carpinifolia

100

20

300

0.175

150

0.1

1

0.016

Phillyrea latifolia

20

10

40

0.200

130

0.1

3

0.006

Pistacia lentiscus

10

6

50

0.200

130

0.1

4

0.006

Populus tremula

150

35

150

0.049

200

0.1

1

0.01

Quercus coccifera

20

12

100

0.200

130

0.06

4

0.006

Quercus ilex

150

25

800

0.250

150

0.06

5

0.006

Quercus petraea

250

45

900

0.175

150

0.06

1

0.01

Quercus pubescens

100

25

550

0.180
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0.06

1

0.01

Quercus robur

250

43

1000

0.175

155

0.06

1

0.01

Quercus rubra

200

33

400

0.175

170

0.1

1

0.01

Robinia pseudoacacia

150

30

200

0.150

180

0.125

1

0.016

Sambucus nigra

25

12

50

0.175

190

0.15

1

0.016

Sorbus domestica

80

24

50

0.175

190

0.085

1

0.016

Ulmus minor

120

38

300

0.180

92

0.085

1

0.016

Table 4.8: Dmaxi, Hmaxh Amaxh Q , Gi, OSNt, FRT{ and L N Q species param eters.
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DEGD
maxi
4491

ED
maxj
0.24

WS
maxi
60

PAR
compi
25

PAR
hspi
200

Nmini

NhopU

Acer campestre

DEGD
mini
1062

25

70

Ailanthus altissima

1500

6000

0.29

50

50

300

10

40

Arbutus unedo

1200

6000

0.45

40

50

350

2

30

Carpinus betulus

1000

4000

0.18

40

10

150

25

70

Castanea sativa

2000

5000

0.24

40

30

300

15

40

Corylus avellana

1100

4778

0.24

50

10

150

20

60

Crataegus monogyna

600

4200

0.24

50

35

250

10

70

Erica arborea

1800

5000

0.45

30

40

300

10

40

Euonymus europaea

800

4200

0.28

50

25

250

25

60

Fraxinus omus

2000

5500

0.3

35

30

250

15

50

Ligustrum vulgare

1500

4900

0.3

40

35

300

10

40

Malus sylvestris

800

4400

0.2

50

20

250

10

60

Mespilus germanica

600

4000

0.25

45

20

300

20

60

Ostrya carpinifolia

1800

4980

0.27

40

20

250

25

70

Phillyrea latifolia

1500

4800

0.45

20

50

350

10

50

Pistacia lentiscus

2000

5500

0.4

20

50

400

10

50

Populus tremula

450

4400

0.16

50

30

300

10

40

Quercus coccifera

2000

5300

0.4

20

40

350

15

55

Quercus ilex

2000

5500

0.4

28

30

280

15

55

Quercus petraea

1150

4655

0.3

40

30

315

15

55

Quercus pubescens

1011

4655

0.3

30

35

350

15

60

Quercus robur

1100

4655

0.27

60

30

300

15

55

Quercus rubra

1200

4900

0.35

30

35

315

20

60

Robinia pseudoacacia

1600

4750

0.35

60

40

330

30

75

Sambucus nigra

1600

4800

0.25

40

35

400

25

65

Sorbus domestica

800

4500

0.3

35

20

250

20

55

Ulmus minor

1200

4650

0.2

50

25

300

25

70

Species

Table 4.9: DEGDminh DEGDmax,, EDmaxh WSmaxh PARcomph PARhsph Nmint and NhopU
species parameters.
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4.7 Testing the vegetation dynamics model
4.7.1 Statistical analysis
Before the simulations could begin, a procedure had to be established for ensuring that the
results were statistically significant. This was especially important as a result of many stochastic
formulae which led to highly variable outputs. For many applications of gap models, the behaviour of a
single patch is of little interest because the major emphasis is on the dynamics of a larger area of
forested land. So another objective was to find a statistical procedure that could provide a “mean” output
for multiple model runs. Bugmann (1994) carried out an analysis of model convergence by calculating
the interval between the 10% and the 90% percentile for the range of species biomass values, and their
median at specific points in time:

Equation 4.46

med

where, q = index of model convergence;
P9 o = species biomass at 90 % mark in biomass range;
pio

= species biomass at 10 % mark in biomass range;

med = species biomass median value.
Theoretically, q should converge toward a non-zero value as the sample size approaches
infinity. Bugmann’s (1994) results showed that for less than 100 simulations, the q value was highly
variable, while a clear tendency towards convergence was visible between 100 and 200 simulation runs
per analysis. Further reduction in variability became small when the sample size was made larger than
200 simulation runs. Bugmann (1994) concluded that approximately 200 simulations were needed if
meaningful statistics were to be calculated from the model output. It is surprising then, that the generally
accepted standard for statistical testing has been of 50 simulations (Shugart, 1984; Kienast, 1987).
Most gap model simulations begin from succession on a bare patch because of the difficulty in
providing initial diameter values for all the plant individuals. Simulations are therefore carried out until
the relevant stage in succession is reached. In most studies using gap models, it is more important to
evaluate the steady state species composition than to know the transientbehaviour of themodel starting
from the highly unrealistic initial condition of a bare patch (although this may have been certainly the
case when considering succession on the Astroni crater). A new method for estimating the equilibrium
species composition was devised by Bugmann (1994). Instead of sampling the simulation of many
patches over a comparatively short time (e.g. samples of 200 simulations at the 1200 year point), one
could periodically sample just one patch over a much longer time span. If one could prevent
autocorrelation between the species composition of two points in time of one patch, then by discarding
the first century of transient behaviour, the average species composition over time will be the same as
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the average species composition over many patches. Statistical analysis of percentage similarity
coefficients calculated from 200 pairs of independent steady states showed that above a sampling time
interval of 150 years, autocorrelation becomes negligible (Bugmann, 1994). Thus, when statistical
analysis of ASTROMOD’s vegetation dynamics model was required, the first 1000 years of each
simulation were discarded (so as to concentrate on model behaviour after the transient phase), and
samples were taken at 150 year intervals until 200 samples were collected.
4.7.2 Testing model sensitivity
A sensitivity test is a test that determines how great a change occurs in the value of an output
variable with a change in the value of either an input variable or a parameter intrinsic to the model
(Botkin, 1993). When considering vegetation dynamics modelling, the sensitivity of a model to changes
in species parameters and environmental conditions is important. A model that is too insensitive to
parametric values would not be able to distinguish between species. On the other hand, a model that is
very sensitive to variations in the value of a parameter would be impractical, because it is difficult to
estimate the real quantity of the parameters, and the results would vary excessively with small changes
in parameter estimations. Models have to respond realistically to changes in parameter value and in
environmental conditions, but must not be so sensitive that one cannot obtain realistic projections
without absolutely precise measurements. Estimations of parameters from field measurements are likely
to be in error by 10 percent or more (Botkin, 1993). It is therefore useful to test the sensitivity of
projections against errors of 10 percent.
In a sensitivity test, one could use observed conditions from a real plot as initial conditions, but
then there would likely be a transient response of the model to these conditions, and the sensitivity
would have to be interpreted against this response. It is simpler and clearer to create hypothetical oldage stands generated by the model and use these as initial conditions. This approach was used in
ASTROMOD.
The great variation in different species’ parameters, and the resulting variability in output made
it difficult to include the typical diversity of species within a sensitivity analysis simulation. Instead, just
one species, Quercus robur, was selected for analysis. Quercus robur was used because it is one of the
best studied species and thus its parameters are generally reliable. The relationship of a tree individual’s
growth to changes in species specific and environmental parameters has already been discussed above. It
is therefore unnecessary to analyse here the effects of different environmental conditions on the
environmental function value. Instead, this section deals with the effects of changes in the
environmental function values on total species biomass within a plot. In the tests, environmental
function values and species specific parameters were increased and/or decreased to analyse what unit
change would produce a significant change in the species biomass. To study the effect of competition, a
Quercus robur control species was compared to an experimental Quercus robur species (competitor)
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whose environm ental function and species specific parameters were changed to various degrees from
those o f the control.
In each sensitivity test, the model was run for 31,000 years with sampling intervals o f 150 years
after the first 1,000 years o f simulation. Thus, a total o f 200 independent steady states were collected to
ensure statistical significance o f the sensitivity tests.
4.7.2.1

Species specific parameter sensitivity
The high variability and lack o f reliable species specific param eters found in gap models and

autoecological descriptions, meant that a sensitivity analysis o f species specific parameters was needed
so as to quantify the potential error one could incur in simulations. It is a surprising fact that out o f all
the gap models that have been developed to date, only a handful have carried out sensitivity analyses
(Kercher & Axelrod, 1984; Dale et al, 1988; Leemans, 1991; Botkin, 1993; Bugm ann, 1994).
Five species specific parameters were selected for analysis: m axim um potential growth rate
(G,); m axim um diam eter (D m ax,); m axim um height (//w ax,); m axim um age (Atnax,); and optimal
seedling num ber (OSN,,). The first tests were carried out with just the control species, where each
param eter was varied by 10 % units up to a m axim um o f 200 %, and a m inim um o f 10 % o f the original
value. The test was then repeated with the presence o f a com petitor whose parameters were left
unchanged.
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G r o w th

Parameters

» - 500
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. 2 200

100

Param eter Multiplier
Figure 4.10: Species specific param eter sensitivity tests with control species.
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Figure 4.10 shows a graphical representation of the results for the control species sensitivity
tests on species specific parameters. The parameter that showed least sensitivity to change was A m a xiy
where a doubling of the parameter resulted in a 5.4 % decrease in total biomass with respect to the total
biomass of the original parameter simulation. A 90 % AmaXj parameter reduction resulted in a greater
change in total biomass (9.8 % increase). The 95 % confidence interval values showed that there were
no significant differences in biomass levels except between the two extremes. Increases in the OSNj
parameter also showed a minimal effect on biomass, with the 95 % confidence interval margins show
that there were no significant differences between the 100 % and 200 % OSNj parameter values.
Reductions in the OSNj parameter, on the other hand, showed more significant changes, with biomass
levels decreasing by 32 % when the parameter was reduced to 20 % of the original value, and no
establishment occurring when the parameter was reduced by 90 %. The confidence interval margins did
not overlap between the 100% and 70 %, 70 % and 50 %, 50 % and 30 %, and 30 % and 10 % OSNj
parameters.
The Gj and DmaXj parameters showed similar variation in biomass, with an increase o f 31 and
23 % respectively when the parameters were doubled and a decrease of 122 and 113 % respectively at 10
% of the original value (the G, parameter showing slightly greater sensitivity). The confidence interval
values at the 95 % level showed significant differences between changes in both growth rate and
diameter parameters, especially when these were reduced below the 100 % mark.
The most interesting result were those for Hmaxj changes, reaching 216 % (200 % of original
value) and 37 % (10 % of original value) of the 100 % HmaXj parameter biomass at the two extremes of
the test. 95 % confidence interval values showed that there was a significant difference in biomass levels
at approximately 20 % intervals in Hmaxj values.
These tests show that the AmaXj is the least sensitive to errors in parameter estimation, to such
an extent that this parameter could be replaced by a single value in future developments of
ASTROMOD. The OSNj parameter is similarly insensitive when the value is above 0.007 seedlings m'2.
Errors in estimation below this value become increasingly significant. It is therefore more important to
estimate this parameter correctly for species that have a low regeneration rate. Still, the test has shown
that only an error in parameter estimation above 20 % would produce results outside the 10 % variability
expected of natural systems.
Errors in the estimation of G, and D m axi parameters are more important, although once again,
variations are increasingly critical at the lower end of the scale. Here, a 10 % variation in parameter can
result in a 80 % change in biomass (1.25 % error margin), whereas a similar variation towards the top
end of the scale leads only to a 5 % change in biomass (20 % error margin). This result affects two
different groups of life strategies: species with a low Git usually k selected species, and species with a
low D m axi i.e. r-selected species. This shows that parameter estimation is significant at different ends of
the scale for different life strategy species.
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The formulation in the growth equation allows a low I f max, to Dmax, ratio to produce a high
growth rate. This has resulted in unrealistic biomass levels when the Umax, param eter is reduced. The
im plications o f these results are that errors in Hmax, estim ation will produce very significant errors in
biomass output. Priority should therefore be given to the correct estim ation o f the Umax, parameter.
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Figure 4.11: M aximum potential growth rate param eter (G,) sensitivity tests with control and
com petitor species.
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Figure 4.12: M aximum potential diameter param eter ( DmaXi) sensitivity tests with control and
com petitor species.
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Figure 4.13: M aximum potential height param eter ( H m a X j ) sensitivity tests with control and
com petitor species.
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Figure 4.14: M aximum age param eter (AmaXi) sensitivity tests with control and com petitor species.
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Figure 4.15: Optimal seedling num ber (OSNt) param eter sensitivity tests with control and
com petitor species.

Figures 4.11 to 4.15 show the effects changes in species specific parameters would have on a
species com petitive ability. Competitiveness is least alTected by changes in the Ania.Xi parameter, where
the control species attains 60 % of total biom ass when the parameter is 10 % that o f its com petitor, and
40 % o f total biomass when the param eter is twice that o f its com petitor. The OSN, param eter has a
sim ilar sensitivity in that the control species achieves 18 % o f total biom ass when the parameter is 10 %
that o f its competitor, and 65 % o f total biomass when the param eter is twice that o f its competitor.
DmaXj and G , show greater sensitivity to changes in their parameters, w ith 79 and 86 % o f total biomass

respectively when the param eter is doubled, and almost no growth (0.9 and 0.09 % o f total biomass
respectively) when the param eter is 10 % that o f its competitor. Once again Umax, shows the most
surprising results, with the control species being at its m ost com petitive when the param eter is 10 % o f
the com petitor’s (98 % o f total biomass), and at its least competitive w hen the parameter is twice that o f
the com petitor (20 % o f total biomass). In all the tests, standard error calculations showed that the
results were significant at param eter value intervals o f approxim ately 20 %.
4.7.2.2 Environmental function sensitivity
Although Section 4.3 describes how environm ental param eters affect the growth o f an
individual species, it is necessary to quantify the effect o f variations in the environm ental function on
total biomass. Thus, an initial sim ulation was carried out using only the control species, with
environm ental conditions set to optimum levels. Here, the only limiting factor to tree growth would be
com petition from neighbours. In subsequent simulations, the environm ental function was reduced from a
value o f 1 (optimum) to a value o f 0.1, with intervals o f 0.1.
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Figure 4.16: Graph o f Quercus robur biomass changes with decreasing environm ental function
values.

Figure 4.16 shows changes in Quercus robur biomass with different environm ental function
values. From a peak o f 359 t h a '1 (95 % confidence interval o f 9.6) under optim um environm ental
conditions, biomass decreases to negligible levels (1.53 t h a '1, 95 % confidence interval o f 0.2) with an
environm ental function value o f 0.5. Although the sensitivity analysis model retains the stochasticity
functions which introduce an element o f variability to the results, the confidence interval values at the
95 % level are relatively small. This shows that variations in a species response to environm ental
conditions are highly significant. The highest sensitivity is apparent between environm ental function
values o f 0.8 to 0.9, where the 0.1 change in value causes an estim ated biomass change o f 60 %. Since a
10 % deviation in biom ass is deem ed to be the acceptable error margin for natural vegetation, this test
indicates that param eters for calculating the environm ental function value must not provide an error that
would produce a variation in the environm ental function value that is greater than 0.017.
To analyse the effects o f competition between different species, a series o f simulations were
carried out where the com petitor species’ environmental function values were decreased w ith respect to
the control species’ environm ental function value by 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45 and
0.5. To analyse w hether changes in the control species’ growth rates had an effect on the relationship
with its com petitor species, this test was carried out with the control species’ environm ental function
values o f 1 (optimum), 0.9, 0.8, 0.7, 0.6 and 0.5. Values low er than 0.5 were not tested since the
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previous tests showed that total species biomass levels were negligible below environm ental function
values o f 0.5.
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Figure 4.17: Graph of control Quercus robur biomass with different environm ental function values
against changes in com petitor’s environmental function values.

Figures 4.17 and 4.18 show that the effects o f a com petitive species is rapidly reduced as the
com petitor’s environmental value decreases from the control’s value. W hen the control’s environm ental
function value is 1 (optimal), a 0.05 reduction in the com petitor’s environm ental function results in only
a 31 % share o f the total biomass by the competing species. A further reduction o f 0.3 results in
insignificant biomass levels for the com petitor species (just 0.5 % o f the total biomass). These results arc
highly significant, with no overlap in confidence interval values at the 95 % level.
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Figure 4.18: Graph of com petitor species biomass with different control species environm ental
function values against changes in competitor species’ environm ental function values.
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Figure 4.19: Graph of com petitor species percentage of total biomass with changes in the control’s
species’ environmental function values.

Figure 4.19 shows that the share o f total biomass decreases for the com petitor as the overall
environm ental function value decreases. For example, in the tests where the com petitor species’
environm ental value is 0.05 lower than the control’s, the share o f total biomass drops from a value o f
31% when the control species’ environm ental function is 1, to ju st 19% when the control species’
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environmental function is 0.5. This trend is evident for all magnitudes in the difference between control
and competitor species’ environmental function values, and all the results have no overlap in confidence
interval values. In other words, as environmental function values decrease, competitors have a
diminishing effect on the overall biomass.
These results show that errors in the estimation of parameters cause less acute effects on overall
species composition. For example, when the control species has an environmental parameter of 1, a
decrease in the environmental parameter for the competitor species from 0.95 to 0.9 causes a 10 %
decrease in the competitor species share of total biomass. Errors in estimation may therefore only
become critical when the environmental function values for a competing species near equality. This may
not create concern within temperate communities, where there is usually a single species that is favoured
by a site’s environmental conditions, but may become highly significant in simulations of tropical
ecosystems where a single species may not necessarily dominate.
In conclusion, for estimating the effect of errors in parameter estimation between competing
species it is of major importance to analysis the changes around the original value. Here we can see that
changes in a species’ parameter have a linear relationship with changes in biomass for both the control
and competitor species. This shows that there is a different relationship between the species parameters
that affect growth directly, and those that affect growth indirectly via the environmental function. The
tests show that the competitive relationship between species are more sensitive to increases in
environmental function errors than to increases in growth function errors.
4.7.3 Comparing model simulations with the real world
In principle, the idea of testing whether a model’s simulations are realistic seems simple and
straight forward. One makes a prediction, obtains observations and then compare observations with
predictions. If the observations follow the prediction, die model is verified. If they do not, the model is
falsified. However, reality is very different as ecological systems are so complex and can occupy so many
states, that a simple, single test that allows us to accept or reject completely an ecological model does not
exist (Mankin et a l, 1975; Caswell, 1976). Analytical models that are open to definitive tests are
generally too unrealistic to be useful, and in die history of ecology, the discrepancies between
observations and theory have been ignored as much as they have been used to reject models. A case in
point is the Lotka-Volterra model of predator-prey interactions, which most observations contradict.
This has not halted its use for many decades.
Ecological systems can occupy a great many states, and we cannot expect to test the model for
all possible states. It is more realistic to select a subset of states that are of particular interest and test the
model for these. In the case of ASTROMOD, the concern is with future states that have never existed,
and for these there is no traditional verification. The only recourse is to conduct tests that show that the
model is accurate and realistic for some existing subset of states that give us faith in the behaviour of the
model.
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With applied problems, such as nature reserve management, verification standards are
sometimes clearer. Practical considerations may require that we know whether a specific aspect of an
ecological system is understood and predictions are possible, and these practical considerations may
provide requirements for accuracy. For example, a 10 percent reduction in a particular vegetation type
may be critical for the survival of a species dependent upon it, and projections with 10 percent accuracy
may therefore become necessary if the model is to be used as a tool to aid the conservation of that
species.
ASTROMOD could also play a role not only in the applied problem of nature reserve
management, but also in scientific research. In basic research, the failure of a model can be as useful as
its success, because the failure gives us an insight into the characteristics of an ecological system. The
differences between observations and predictions help us to see the characteristics of the real system, to
investigate causes and effects, and to improve our understanding of natural systems.
4.7.3.1 What to test?
For a system as complex as a forest, the first question is, what variable do we want to test? hi
most forestry applications, foresters are interested in biomass of merchantable timber. On the other
hand, basic studies in plant ecology often report stem densities, biomass and basal area. Since
ASTROMOD's main output variables are species density, biomass and basal area, these variables are of
greatest interest when we want to test the model's fundamental properties.
The second problem is finding adequate data. The model generates large quantities of precise
data, and the real problem is obtaining comparable real-world data against which to compare the
model's projection. An additional constraint is that this data has to be independent of those observations
used to structure the model and to estimate its parameters.
A third problem is, having found data, what requirements do we place on them and on the
comparisons with die model? If the fundamental growth equation were true with no environmental
limitations, and if growth, mortality and regeneration were deterministic, then that would be an
expectation of the model. But, the model adds to that assumption two important dynamic qualities: 1)
stochastic processes of mortality for an individual tree, and stochastic processes affecting regeneration of
a species; and 2) environmental limitations that can vary over time with variations in the environment
and through competition for resources with the population of trees. A simple statistical correlation
between diameter at one time and diameter at some future time, sufficiently precise to project growth of
all trees, could be expected only in uniform stands, primarily plantations of dees that are well spaced at
even intervals, and subject to considerable care, including fertilisation, irrigation, and protection from
disease and herbivores. There is therefore a distinction between projecting and testing growth for a
highly managed plantation, and a mixed-species, mixed-age-class forest subject to time-varying
conditions.
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Botkin and Simpson's (1990) measurements of forest biomass for large areas found a 95 %
confidence interval that is about 20 % of the mean. If natural systems vary from one another by 20 %,
we should not demand that the model's projections be closer to the observations than 20 %. As a result,
modellers have considered acceptable quantitative performance of their models to have a 95 %
confidence interval of 20 % from observations.
These limitations have meant that for part of the model validation data from other studies had
to be used. Most validation studies though have been carried out on the temperate ecosystems of
Northern Europe and America. A testing method was sought to bridge this gap and the best option was
found to be the "Ellenberg Test".
4.7.4 The Ellenberg Test:
Ellenberg (1986) developed a scheme that presents the dominant species of near-natural forests
of central Europe in a climatological space, spanned by the annual mean temperature and the annual
precipitation sum (Figure 4.20). Vegetation communities encompassed by his study ranged from the
alpine timberline (bottom of figure) to Mediterranean forests (top of figure), and from the dry timberline
(left of figure) to humid forest (right of figure). A simulation study of these forests by ASTROMOD
could provide detailed information about the changes of the species composition along the central
European climatic gradients, and thus allow a comparison of the simulated forests with those described
by Ellenberg (1986). This test will also give the opportunity to compare ASTROMOD's performance
with FORCLIM (Bugmann, 1994) and FORECE (Kienast, 1991), since the "Ellenberg Test" was also
used for their validation.
ASTROMOD cannot apply Ellenberg’s yearly precipitation and temperature values directly to
simulate these forests because climatic input data of monthly resolution are required for ASTROMOD
simulations. However, Bugmann (1994) showed that the annual cycle of monthly temperature values had
a reasonably constant pattern over the whole climatological space for localities in Switzerland. The
average deviation values of the monthly mean temperatures from the annual mean were therefore used to
extrapolate monthly values from the gradient of annual mean temperatures ranging from -2°C to 13°C
(Table 4.10).

Month
Temperature
difference from
annual mean

Jan

Feb

Mar

Apr

May Jun

Jul

Aug

Sep

Oct

Nov

Dec

-9.0

-8.0

-4.5

-1.0

3.5

9.0

8.0

5.5

1.0

-5.0

-8.0

7.0

Table 4.10: Average deviation values of monthly mean temperatures from the annual mean
(Bugmann, 1994).
The same could not be said about the variation in precipitation, which showed much higher
variability, and in the absence of soil data, simulation of reliable evapotranspiration deficit and soilwater saturation values was not possible. It was therefore decided that yearly precipitation sum values
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would be substituted by a range of evapotranspiration deficit function (EDF) and water-saturation
function (WSF) values, ranging from wet (WSF = 20) to arid sites (EDF = 20).
The absence of hydrological simulations also meant that actual evapotranspiration values were
not available for the nitrogen cycling calculations. For the Ellenberg Test, Bugmann (1994) compared a
simulation that had a fluctuating available nitrogen component and one that used a constant value of 100
kg ha'1 of available nitrogen. The results showed that the effects of temperature and hydrological
variations were so significant at such a scale that changes in fertility had a negligible effect in
comparison. A constant value of 100 kg ha'1 of available nitrogen was also used for die ASTROMOD
simulations during Ellenberg Test runs.
In ASTROMOD’s Ellenberg Test both the temperature and hydrological gradients were
extended to incorporate Mediterranean conditions. The annual mean temperature gradient was extended
from 13 to 18 °C and the EDF/WSF values was extended from an estimated value of 10 to a value of 20,
roughly equivalent to 250 mm and 2250 mm of rainfall per year, respectively.
Finally, since the objective was to compare the actual model functioning, species specific
parameters had to be as closely matched as possible. Thus, the ASTROMOD species parameters for this
test were derived from Bugmann (1994) and Kienast (1991).
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Figure 4.20: Distribution of dominating tree species across rainfall and tem perature gradients of
Central Europe according to Ellenberg (1986).

156

4.1.1.1 Ellenberg Test results
Figure 5.1 compares Ellenberg’s (1986) distribution of dominant species across central
Europe’s hydrological and temperature gradients (Figure 5.1.A) with results from simulations carried
out in this study (Figure 5.1.B), and from simulations by Kienast (1987) (Figure 5.1.C) and Bugmann
(1994) (Figure 5.1.D and 4.21.E - the latter figure representing the results from simulation without the
nitrogen cycling component). All the simulations agreed with Ellenberg (1986) on the limits of the cold
timberline, with forests ceasing to thrive below a mean annual temperature of -2°C.
In contrast, the simulations showed Pinus cembra as the dominant species on the cold
timberline, whereas Ellenberg (1986) has Picea abies becoming dominant in the wetter sites. Picea
abies does become dominant in those sites with slight increases in annual mean temperatures for
FORCLIM’s and ASTROMOD’s simulations, whereas FORECE’s simulations retain Pinus cembra
domination well into a 2°C mean annual temperature. Ellenberg (1986) characterises the transition from
the cold alpine zone to the milder temperate zones, by the replacement of Pinus cembra by Pinus
sylvestris in the drier sites and the replacement of Picea abies by Fagus sylvatica in the wetter sites.
This transition is consistent with FORCLIM’s results, although Picea abies retains dominance higher up
the temperature gradient, and Abies alba separates Pinus sylvestris and Picea abies. FORECE’s
simulation has Pinus montana replacing Pinus cembra in the drier zones (Pinus montana was excluded
from all the other simulations so it is not possible to compare FORECE’s results with the other
simulations in this case). The FORECE simulation shows Pinus sylvestris occupying much warmer
niches alongside Abies alba and Fagus sylvatica in the wetter sites. ASTROMOD’s simulations are
significantly different in this transition, with Larix decidua occupying the drier zone instead of Pinus
sylvestris, while the transition from Picea abies to Fagus sylvatica is interrupted by a considerable area
occupied by Abies alba, hitherto absent as a dominant species in both the Ellenberg (1986) description,
and other simulations.
As one approaches the drier sub-Mediterranean zones, both the Ellenberg description and
FORECE’s and FORCLIM’s simulations, present anomalies. Ellenberg (1986) has Quercus robur and
Ostrya carpinifolia as the dominant species in the drier zones, whereas Quercus pubescens is the
dominant species in the wetter zones. Both FORECE and FORCLIM have Fagus sylvatica extending all
the way to the limit of the temperature gradient (mean annual temperature of 13°C) in the wetter sites,
with Abies alba, Castanea sativa, Quercus robur and Quercus petraea occupying the drier sites. In the
driest and warmest sites, both FORECE’s and FORCLIM’s models are not able to simulate the presence
of any tree species. ASTROMOD’s simulations instead show a gradual change in dominance from the
cooler temperate zone to the hotter sub-Mediterranean zone of Fagus sylvatica to Quercus robur in the
wettest sites, Fagus sylvatica, Abies alba, Pinus sylvestris to Castanea sativa in the intermediate sites,
and Pinus sylvestris to Quercus pubescens in the driest sites.
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Figure 5.1: Diagrams comparing actual and simulated distribution of dominant species across
central Europe’s hydrological and temperature gradients: A) Ellenberg (1986) description, B)
ASTROMOD’s simulation results, C) FORECE simulation results (Kienast, 1987), D) FORCLIM
simulation results with a constant concentration of available nitrogen of 100 kgTha. and E)
FORCLIM simulation results with the nitrogen cycling component (Bugmann, 1994).
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F igure 5.2 show s the com plete results o f A ST R O M O D ’s test, w ith the dry, w et an d upper
tem perature lim its having been extended. F igure 5.3 to F igure 5.11 show the species biom ass values for
each o f the W SF and E D F values across the tem p eratu re gradient. W ith in creasin g w etness (Figure 5.3
an d F igure 5.4), P icea abies becom es m ore d o m in a n t in the coolest sites, gradually disp lacin g P inus
cem b ra , w hile A b ie s alba plays a m ajor role arou n d the 6°C m ark. F agus sylva tica is displaced by A c e r
p seudoplatanus, w hereas Q uercus robur m ain tain s its dom inance, an d m an ag es to extend to above 15°C.
In the w ettest an d w arm est sites, F raxinus ornus is th e d o m in an t species.
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Figure 5.2: Simulated distribution of tree species across rainfall and tem perature gradients.
In the driest sites (Figure 5.10 and F ig u re 5.11) P inus cem bra is d o m in an t from -2°C to 4°C,
w ith P inus sylvestris becom ing predom inant above 4°C instead o f L a rix d ecid u a . Q uercus p u b esce n s is
in evidence above 7°C until 13°C, w here it is d isplaced by Q uercus ilex. T h e latter species has an
overw helm ing dom inance in the driest and w arm est sites. Betw een the E D F values o f six and ten, an d
ann u al m ean tem perature values o f 13°C and 15°C (F igure 5.8 and F ig u re 5.9), Q uercus p etra ea is able
to establish its dom inance. In the slightly w etter sites w ithin this tem p eratu re ran g e C astanea sativa is
d om inant, to be replaced by Q uercus robur above W SF values o f 4 (F ig u re 5.5 to F igure 5.7).
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Figure 5.3: Simulated distribution of tree species across a tem perature gradients and with an
EDF of 2(1. Species key:

■ Abies alba

□ Acer pseudoplatanus

■ Castanea sativa

■ Fagus sylcatica

□ Fraxinus excelsior

□ Fraxinus ornus

H Larix decidua

□ Ostrya carpinifolia

□ Picea abies

□ Pinus cembra
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Figure 5.4: Simulated distribution of tree species across a tem perature gradients and with an
EDF of 15.
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Figure 5.5: Simulated distribution of tree species across a tem perature gradients and with an
EDF of 10.
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Figure 5.6: Simulated distribution of tree species across a tem perature gradients and with an
EDF of 5.
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Figure 5.7: Simulated distribution of tree species across a tem perature gradients and with an
EDF and a WST of 0.
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Figure 5.8: Simulated distribution of tree species across a tem perature gradients and with an
WSF of 5.
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Figure 5.9: Simulated distribution of tree species across a tem perature gradients and with an
WSF of 10.
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Figure 5.10: Simulated distribution of tree species across a tem perature gradients and with an
WSF of 15.
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Figure 5.11: Simulated distribution of tree species across a tem perature gradients and with an
WSF of 20.
F igure 5.12 shows the distribution o f total biom ass across tem p eratu re an d w etness grad ien ts
from the results o f A ST R O M O D ’s E llenberg test. T h e results show a tren d o f increasin g biom ass w ith
increasing m ean annual tem peratures. B iom ass also increases w ith decreasing E D F an d W S F values.
FO R CLIM has a sim ilar trend, although no reduction is evident as site w etness increases. FO R E C E , on
the other hand, has peaks in biom ass n ea r the alpine tree-line, results w hich are in co n sisten t w ith
observations.

164

H yd ro lo g ical
C oefficient

T e m p e ra tu re C o efficien t

F igu re 5.12:T otal above ground biom ass from the resu lts o f A S T R O M O D ’s E llen b erg test.

F igure 5.13 shows contour plots o f the biom ass o f six species from A ST R O M O D ’s E llenberg
test. T hese diagram s are o f interest because they show the behaviour o f each species as tem p eratu re and
w etness gradients change. T hese diagram s are a developm ent o f N a h a l’s (1962) “bioclim atic are a” . In a
study o f P inus halepensis, N ahal (1962) produced a clim agram in w hich he noted all the m eteorological
stations w ithin the geographical range o f the species or com m unity studied, an d defined the distribution
o f these in term s o f the m ean m inim um o f the coldest m onth m an d the pluviotherm ic q u o tien t Q.
In A ST R O M O D ’s bioclim atic are a diagram , all the species show centres o f o ptim al grow th
w here biom ass peaks and a gradual decline in biom ass as con d itio n s becom e less favourable and
com petition from other species increase. T h is trend is co n sisten t w ith bioclim atic area d iag ram s from
FO R C L IM , w hereas F O R E C E ’s sim ulations show rath e r m ore ab ru p t declines in biom ass. Irreg u larities
in biom ass decline, especially evident in th e Q uercus robur contour m ap around the 0 W S T an d E D F
m a rk (Figure 4 .33.e), are a result o f increasin g com petition from other species in those p articu lar
environm ental conditions.
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Figure 5.13: Contour plots of the biomass of six species from ASTROM OD’s Ellenberg test: a)
Pinus cembra; b) Picea abies; c) Fagus sylvatica', d) Quercus petraea; e) Quercus robur', f) Quercus
ilex.
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4.2 Conclusion
The ability to simulate vegetation change at high resolution, together with the reliability,
computational speed and relative lack of complexity make gap models ideal for incorporation into
predictive tools for nature reserve management. A gap model has been developed that is able to simulate
vegetation dynamics across an environmental gradient from the Mediterranean to temperate climate and
new algorithms have been proposed to facilitate the incorporation of species specific parameters from
field and laboratory experiments. These algorithms have also been developed so that actual
environmental data from specific sites could be used to model vegetation dynamics. The following
chapter will present the techniques used to provide this environmental data from the Astroni crater.
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5. Environmental Modelling
5.1 Introduction
Chapter 4 has shown how the nature of, and interactions between water, radiation, nutrient and
disturbance regimes are critical in determining the composition, productivity and persistence of biotic
assemblages in forests. At the micro-scale, combinations of these regimes may influence the types of
plants that occupy a site, and their rate of growth and phenology. At the meso-scale, these regimes can
markedly influence the floristic composition and structure of a forest. An ability to characterise such
regimes accurately is an important prerequisite for developing a predictive understanding of the
relationship between environmental heterogeneity, and ecological patterns and processes.
Ideally, the environmental variables necessary for simulating vegetation dynamics within the
Astroni crater ought to have been collected directly from the field. This would have been possible by
establishing a number of data loggers throughout the reserve, with sensors measuring the changes in
environmental conditions over a one year period. The data would have then been combined with
remotely sensed images to extrapolate the measurements to the whole of the reserve. A collaborative
contract was established with a local government funded institute which already had the remotely sensed
images and the expertise to analyse them. Unfortunately, after one year, no data was forthcoming from
that institute even though my part of the agreement had already been met (at considerable cost). This
meant that the collaboration was terminated and a different approach was sought.
In recent years, progress has been made in the development of computer-based mathematical
and computational techniques to model a number of climatological, hydrological, geomorphological and
biological processes at various scales of analysis in terrestrial landscapes (Davis & Dozier, 1990; Quinn
et al., 1991; Hutchinson et a l, 1992; Band et a l, 1993; Moore et a l, 1993b, Franklin, 1995). The
techniques developed allow the characterisation of environmental spatial variation with a precision and
resolution previously unattainable, and have enormous potential application to the study and predictive
modelling of ecological phenomena (Liebhold et al., 1993). This is particularly the case in complex
terrain where relatively small changes in slope, aspect and catchment area can markedly influence local
variation in the environment (Moore et al., 1993a; Wigmosta et al., 1994).
Chapter 4 identified four fundamental environmental variables that need to be calculated in
order to simulate vegetation change: irradiation flux, monthly temperature, soil-water saturation and
evapotranspiration deficit. Each of these variables are calculated at the resolution of the gap area i.e.
averaging the values for 25 by 25 m units. The following sections will present the formulas and
assumptions that have been used to estimate the environmental database for the ecological model within
ASTROMOD, beginning with the calculation of the “primary” data, slope and aspect, which, in
combination with soil property and meteorological data, are used to estimate the “secondary”
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environmental data. The final section of this chapter present the estimated monthly data for the Astroni
crater.

5.2 The creation of a Digital Elevation Model of the Astroni
crater
Regular grid or raster Digital Elevation Models (DEMs) have become the basis for recent
approaches to modelling earth surface's processes (Moore et al., 1991). A DEM is defined as a regular
gridded matrix representation of the continuous variation of relief over space (Burrough, 1986). The
value of DEMs derive from the extractive knowledge and information regarding terrain and its
attributes, which can provide direct input to a range of environmental models. The extraction of
information from DEMs can be divided into two classes of analysis. The first class of analysis, primary
analysis, involves direct calculation from DEM raw elevation data, and includes the estimation of slope,
aspect, profile and plain curvature, flow path-length and specific catchment area (Burrough, 1986).
Secondary analysis involves calculation from a combination of first class analysis results, and can be
used to characterise the spatial variability of specific processes occurring in the landscape. For example,
the amount of incident solar energy can be estimated from the elevation, slope, aspect and shadowing of
a surface (Dubayah & Rich, 1995).
The primary data for a DEM is based on terrain elevation observations that are generally
derived from one of three sources: digitised contours; photogrammetric data capture (including aerial
photography and digital satellite imagery); and ground surveying (McCullagh, 1988). Although the
extrapolated data can then be stored in a variety of ways, two techniques in particular have been the
most popular and best explored. These are the rectangular grid or elevation matrix structure, and the
Triangulated Irregular Network (TIN) structure (Zienkiewicz, 1971; Lancaster & Salkauskas, 1986).
Both are image representations that use a point model. The elevation matrix or rectangular grid is the
most commonly used modelling construct for a DEM (Moore et al., 1991). This is because the data
structure of a grid shares much similarity with the file structure of digital computers, in that both store
elevations as a two- dimensional array. Owing to such similarity in storage structures, the topological
relations between the data points are recorded implicitly, which streamlines both information processing
and algorithm development. The TIN model provides a network of connected triangles with irregularly
spaced observation points with x, y co-ordinates and z values. Its major advantage over an elevation
matrix is its ability to generate more information in areas of complex relief, thus avoiding the problem of
gathering a lot of redundant data from areas of simple relief (McCullagh, 1988). The more efficient data
handling structure also allows a more rapid calculation time. The use of grid or plot based algorithms in
the vegetation dynamics component of ASTROMOD favours the use of a grid-based structure for the
Astroni crater DEM. This would signify a loss of information on the steepest slopes of the crater, but this
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is a m inor lim itation com pared to the com plexities involved in trying to in teg rate a T IN based D EM
w ith a raster based vegetation dynam ics model.
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Figure 5.1: Height above sea level DEM of the Astroni crater.

T he n ex t stage in the developm ent o f a D EM for the A stroni crater was the choice o f g rid size.
T h e grid size o f a D EM has been show n to affect the to p o g rap h ic attributes o f a landscape (H utchinson
& D ow ling, 1991; Jenson, 1991; P anuska et al., 1991; Q uinn et a l , 1991; Z h an g & M ontgom ery, 1994).
Z hang an d M ontgom ery (1994) found that grid sizes o f 30 m and 90 m d id n ot accurately depict
hillslope and ru n o ff generation processes in m oderately to steep g rad ien t topography. A 10 m grid-size
was found to show significant im provem ents over 30 m or coarser grid sizes, w hile finer grid sizes
provide relatively little additional resolution. T he spacing o f the original data used to construct a DEM
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also limits the resolution of the DEM. Decreasing the grid size beyond the resolution of the original
survey data does not increase the accuracy of the land surface representation of the DEM, and potentially
introduces interpolation errors (Zhang & Montgomery, 1994). For the Astroni crater, a 1:10,000
digitised contour map, combined with point maxima and minima height measurements, were used to
extrapolate a 25 m grid DEM. The 25 m grid would allow sufficient accuracy in environmental
modelling, and the combined survey data was deemed to have sufficient resolution to limit interpolation
errors. A smaller grid size was not thought to be necessary since the vegetation dynamics model was
already based on a 25 m. grid, and the extraction of higher resolution data from the 1:10,000 map would
increase the chances of interpolation errors. Figure 5.1 shows a graphical representation of the DEM of
the Astroni crater, with grid colours indicating the height above sea level.

5.3 Primary analysis of the Astroni DEM
The algorithms used to estimate primary attributes of the DEM were extracted from TAPES-G
(Terrain Analysis Programmes for the Environmental Sciences). TAPES-G was developed by the late
Professor Ian Moore in the 1980s and is now one of the most frequently used software packages for
DEM analysis (Gallant & Wilson, 1996). Since the ultimate objective of this research was to develop a
"stand-alone" tool for nature reserve management, it was decided to incorporate the algorithms of
TAPES-G within ASTROMOD. If necessary, this would also allow future modification of particular
aspects of the algorithms.
Secondary analysis within ASTROMOD required the estimation of two primary analysis
parameters, slope and aspect, and only these two algorithms will be discussed here. Other primary
analysis techniques are mostly used to estimate surface water flow characteristics, which, in the case of
the Astroni crater, are not required due to the high permeability of its soil, and the resulting absence of
surface water flow.
Most of the topographic attributes in TAPES-G are determined locally from the derivatives of
the DEM. These derivatives are estimated using centred finite differences (see Figure 4.1 for the
arrangement of the nine grid points which enter into the equations):

Equation 5.1
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where, zj to zs = grid point height above sea level values (see Figure 5.2 for positioning);
h - grid size (25 m);
zx, z.y, z,,, .Tvv, Zry, P - unitless parameters used in calculating slope and aspect.
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F igure 5.2: 3x3 sub-grid of DEM showing num bering convention for grid point.

The parameter p is used to calculate slope in the following algorithm:
E quation 5.2
where,

S x = p U2

Sx = slope (%).
This equation calculates slope as a percentage. Some secondary analyses require slope to be in

degrees. The following equations transforms the percentage value into degrees:
E quation 5.3
where,

Sx = a r c ta n (5 x )

sx = slope (degrees) at site x.
Figure 5.3 shows a graphical representation of the slope of the Astroni crater for each grid

square calculated with the above equations.
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Figure 5.3: Slope map of the Astroni crater as calculated from the DEM.

A spect (m easured in degrees clockw ise from north) is estim ated as:

Equation 5.4

tj/x = 1 8 0 - a r c t a n

\

+ 90
K

w here,

(

<.y
J

,k l>

y/ = aspect (degrees) o f site x.
W hen the slope is less than som e m in im u m value, S w:

= 5%, the aspect com puted from

E quation 5.4 is arbitrary, and the terrain is classified as flat, w ith undefined aspect (M itasova &
H ofierka, 1993). F igure 5.4 show s a g raphical representation o f the aspect w ithin the A stroni crater for
each grid square calculated from the above equations.
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F igure 5.4: A spect m ap o f the A stron i crater as calcu lated from the D E M .

5.4 Secondary analysis of the Astroni DEM
O n e o f the principal objectives o f A ST R O M O D is to establish the foundations for a tool for
reserve m anagers w hich can test the effect o f different env iro n m en tal scenarios on the p la n t com m unity.
As a result, a series o f m odels had to be developed for sim u latin g the m ost im p o rtan t environm ental
processes th a t determ ine the distribution and dynam ics o f p lan ts w ithin th e crater. T h e param eters to be
m odelled w ere identified in C hapter 2 as: incident solar rad iatio n (PH I ), m o n th ly m ean air tem perature
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( / ), actual and potential evapotranspiration (/ ', a n d /

), an d p ercentage soil air volum e satu rated w ith

w ater ( H .S ). T o be realistic, the m odels for estim ating these p aram eters h ad to be in ter-linked, an d a t the
sam e tim e, be strictly spatially referenced. T he follow ing presen ts the assum ptions an d form ulas for the
environm ental param eter estim ation.

5.4.1

E stim ating in cid en t solar radiation
Incident solar radiation on the surface o f a p la n t m ay ch an g e sig n ifican tly d ep en d in g on

w hether the site is south or north facing, shaded by the su rro u n d in g relief, an d w hether th e sky is
overcast or not. For exam ple, in a study com paring north an d south slopes, R u n n in g et al. (1987) found
that radiation was 8 to 34 % hig h er on southern slopes than on n o rth ern slopes. T his factor is also
significant w hen calculating potential evapotranspiration, w here in cid en t irrad iatio n can affect p la n t
tem peratures either directly or indirectly by influencing air tem perature and m ovem ent. F or realistic
sim ulation o f vegetation dynam ics it was therefore necessary to estim ate the variations in in cid en t
irradiation across the A stroni crater.
T he availability o f actual irradiation m easurem ents from the study site is perhaps th e m ost
im portant issue determ ining w hether the m odel w ill produce actual solar rad iatio n fluxes for a given
tim e and location, or som e type o f potential or relative rad iatio n (D ubayah & Rich, 1995). For obtaining
actual fluxes, som e field data m ust be available, such as from solar p yranom eter data, atm o sp h eric
optical data, or atm ospheric profile (sounding) data. For A ST R O M O D , eq u ip m en t was not av ailab le for
m onitoring actual irradiation fluxes w ithin the crater, so relative radiation values w ere estim ated
instead.
T here are three sources o f illum ination on a slope in the solar spectrum : direct irrad ian ce;
diffuse sky irradiance; and irradiance reflected by nearby terrain tow ards the p o in t o f in terest (F igure
5.5).

F igure 5.5: D iagram o f solar rad iation sources: d irect irrad iation (yellow ), d iffuse irrad iation (red)
and reflected irrad iation (violet).
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Reflected irradiation was not calculated because it is a small fraction of total irradiation and of
little use in photosynthesis since it is mostly in the short wave-bands (Linacre, 1992). Direct and diffuse
irradiance were calculated for every hour of every day of the year. The following presents the
algorithms:
5.4.1.1 Direct irradiance algorithm
Direct irradiance is strongly influenced by illumination angle, and is limited by self-shadowing
by the slope itself and shadows cast by nearby terrain. To determine for how long a point is in shadow,
the zenith angle to the DEM's horizon is calculated and compared with the solar zenith angle. When the
solar zenith angle is greater than the horizon angle, that point cannot see the sun and is in shadow, and
the direct irradiance value is set to zero for that time interval (Dubayah & Rich, 1995). All the other
components of the direct irradiance algorithm are straightforward:

cos sx [sin Lx sin 8 + cos Lx cos 8 cos cot]
I Dir jc ~ $

^sin Lr sin sa - sin 8^

+ sinv

cos<I>

Equation 5.5

xexp
where,

sin

sin ESF + cos Lr cos 8 cos cot

]Dirx = direct irradiance at site x (W m '2);
ESF = exoatmospheric solar flux (1368 W m 2);
sx = slope of site jc (degrees);

r = atmospheric optical depth (index from 0 to 1);
(o - earth’s angular velocity (tc/12 radians h 1);
t = time from solar noon (hr);
Lx = latitude at site x (degrees);
8 = solar declination (degrees) = —23.45 cos
where,

/ r 3 6 0 ( d + 70)

365

n

1 80 )

d = day of the year;
0X= slope azimuth of site x (degrees) = s in 1(-cos 8 sin cut / cos sa);
sa = solar altitude = s in 1(sin 8 sin Lx + cos 8 cos Lx cos at).

Optical depth, r, is a function of atmospheric absorbers and scatterers, and can vary greatly over
time and space (Vardavas, 1987). To simplify the calculation, an assumption is made that the optical
depth has a value of 1.
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5.4.1.2 Diffuse irradiance algorithm
Unlike direct irradiance, exact calculation of the diffuse irradiance on a slope is difficult and
involves some degree of approximation. In general, it is a function of solar geometry, pressure
(elevation), the scattering and absorbing properties of the atmosphere, and the amount of sky visible at a
point (sky view factor) (Dubayah & Rich, 1995). If one assumes that the diffuse radiation field is
isotropic (i.e. that it does not vary depending on sky direction), then diffuse irradiance can be calculated
with the following algorithm:

IDif.x = VdxF X z

Equation 5.6

where, IDlfx. = diffuse irradiance (W m '2);
F l = the average diffuse irradiance on a level surface at that elevation (W m '2);
Vdx - degree of sky obstruction at site jc (%).
The error inherent in the unrealistic assumption that the diffuse radiation field is isotropic is
minimal, and the effects on the overall radiation balance are negligible (Dubayah & Rich, 1995).
Diffuse irradiance on a level surface is calculated by (after Linacre, 1992):
F-l - 94 (sin sa)2

Equation 5.7

The degree of sky obstruction of a site in the Astroni crater is estimated by assuming that the
sky view is a semi-sphere. A programme was written that compared the horizon angle of a site with
respect to the crater’s rim for every degree of the compass. Thus, the sky view was calculated as the
proportion of a site’s horizon obstructed by relief with respect to a flat surface.
These equations are extreme simplifications of the actual mechanistic algorithms that could be
used for calculating diffuse irradiation (e.g. Schulze; 1975) but are sufficient for the requirements of
ASTROMOD.
5.4.1.3 Estimating total irradiation
The total irradiance on a site is calculated using the Angstrom formula (Angstrom; 1924):

Irotx—(Irnrx+ IiHf.x) •* (0.36 + 0.64 bx)

Equation 5.8
where, IT„t v

=

Total solar radiation after filtering through clouds at site j c (W m'2),

bx = ratio of bright sunlight duration for site j c .

and
Equation 5.9

bx = n /N x

where, nx - daylength with clear sky for site jc (hr);
Nv = daylength for site jc (hr).
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There are many problems with this gross simplification of the effects of clouds on irradiation,
not only with the fact that daily cloudiness values are used to estimate hourly irradiation values. Several
alternative formulas have been proposed (Prescott, 1940; Rietveld, 1978). These involve a significantly
greater data requirement, including the estimation of cloud densities at different elevations for every
hour of the day, data which are difficult to find for the area around Astroni. Since the objective is to
provide an approximate value of irradiation, the Angstrom formula was thought to be sufficient.
5.4.1.4 Interpreting the radiation data
Equation 5.8 is implicitly a function of wavelength (i.e. monochromatic). Total irradiance is
found by integrating it with respect to wavelength over the desired spectral interval. For the vegetation
dynamics model, the principal objective is to calculate PHIX. To estimate other irradiation wavelengths,
a good approximation is to divide the solar spectrum into two broad bands, one mainly scattering (for
estimating P H IX and one mainly absorbing (for estimating effects on temperature), corresponding to the
visible and near-infrared, and to use Equation 5.8 in each wavelength (Dubayah & Rich, 1995).
The I rot x value is calculated hourly from sunrise to sunset, every day of the month in W m '2,
while the vegetation dynamics model makes use of radiation values in the form of pmol photons m '2 s'1
(average over a one month period). The following algorithm was developed to convert the irradiation
values:

Equation 5.10

month

PHI
*

where,

3600( d ^ x N ) '

Conv. = W m '2 to (imol m '1 s'1 conversion coefficient (4.6) (after McCree (1981);
dmonlh = days in month.

5.4.2 Estimating air temperatures
The spatial distribution of minimum, maximum and average air temperature is computed using
a modification of the simple approach proposed by Running et al. (1987), Hungerford et al. (1989) and
Running (1991). It corrects for elevation via a lapse rate, for slope-aspect via the ratio of short-wave
radiation on a sloping surface to that on an unobstructed horizontal surface, and for vegetative effects via
a leaf area index (LAI). For the Astroni crater, this approach increases temperatures on south-facing
slopes and decreases temperatures on north-facing slopes. This approach also increases temperatures on
plants that are on the exposed unvegetated slopes (low LAI). The effect of cold air drainage (katabatic
winds) are also included with the lapse rate. In the Astroni crater, cold air drainage into the caldera can
have a significant impact on temperatures over relatively small distances. This generally occurs between
midnight and sunrise, and thus contributes more significantly to the minimum temperatures reached just
before sunrise (Linacre, 1992). Thus, the temperature at a site jc can be written as:
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Equation 5.11

Equation 5.12

where,

T iapse ( Z x

r ,= r .-

7 , = Z, -

+ CxSR, 7 -

1000

LA7.
LA/ max

LA7
+J S/L,
C ' 7 - LA7,

f W (7000
\

xi V

'

fo r SRX > 1
/

fo r S R x < l

max /

Tb = average monthly temperature (°C) at Capodichino base station (see Table 3.3)
Z, = elevation above sea level at site x (m);
Zb

= elevation above sea level at Capodichino base station (72 m);

T u pse

= elevation lapse rate (-1°C 1000m'1 after Barry (1992));

SRX= short-wave radiation ratio of site jc against an unobstructed flat surface (pmol m' 1 s"1);
C

= constant (0.23);

L A ImM = maximum leaf area index (4).

No L A I / radiation corrections are applied to estimates of minimum temperature as these occur
during the night. The short-wave radiation of an unobstructed surface is calculated using Equations 5.5
to 5.10 by setting the slope and aspect values to zero, and by excluding topographical obstruction
calculations.
DEGDX is derived from the integral under the curve (and above the minimum growth
temperature - 4.4°C (Botkin, 1993)) of average monthly temperatures plotted against time:
Equation 5.13

DEGD, =

J 1 ^ =1

TxSt

5.4.3 Estimating soil water content
Many gap models gloss over the drought-stress sub-function because of their concentration on
temperate ecosystems where drought is generally insignificant. In creating ASTROMOD, it was decided
to incorporate an extremely detailed formula for estimating drought-stress from Botkin and Levitan
(1977). The detail is required since drought stress is considered to be the single most important
environmental determinant of Mediterranean ecosystems (De Lillis & Fontanella, 1992). This factor is
also believed to be the major determinant of vegetation types within the Astroni crater.
The water content of the rooting zone is used to model the effect of drought stress, assuming
that it is indicative of the water availability for plants (Cramer & Prentice, 1988). In the model, the
depth of the soil is defined as the depth to which tree roots can penetrate or that material can be
transported directly to tree roots. Below is a subsoil that may be bedrock or unconsolidated particles
where chemicals are not available to the roots. The model assumes that at some depth of soil, the watersaturated zone begins, in which all capillary pore spaces between soil particles are filled with water, and
there is essentially no gaseous atmosphere. The top of this saturated zone is defined as the water table.
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The relationship between depth to the soil base and depth to the water table is used in the model to
distinguish trees adapted to wet ground and those adapted to dry areas.
The amount of water available to a tree for growth is the amount stored in the soil, not the
amount simply received from rainfall. Water may become available when transferred from other areas by
subsurface runoff or through upward capillary action (Moore et al., 1993a). Some rain that falls
evaporates immediately or runs off the soil surface and is never available to the trees. Once in the soil,
water can be lost through downward percolation, horizontal runoff, or evaporation from the soil, being
raised to the top by capillary action. The water taken up by trees is eventually transferred

to the

atmosphere by transpiration from the tree leaves.
In the model, the water balance is calculated monthly. Although daily calculations would have
been preferable to increase realism, and therefore accuracy, the monthly time interval was chosen
principally because monthly weather records are common, and a daily calculation would have
significantly increased computational time. All soil water balance and evapotranspiration algorithms
and parameter definitions have been adopted directly from Thomthwaite (1948). The amount of water
held in capillary storage in root zone is calculated from Thomthwaite’s (1948) generalised fundamental
water balance equation:
5w x

Equation 5.14

where,

= PX+ U X- E X~ L X

n , - amount of water held in capillary storage in root zone (mm m onth'1);
/ \ = precipitation at site x (mm month'1);
Ux = upward capillary flux from water table to root zone at site x (mm month'1);

Ev = evapotranspiration at site x (mm month'1);
Lx = w a ter lo s s v ia r u n o ff a n d d o w n w a r d p e r c o la tio n a t s it e jc (m m m onth"1).

The following sections will describe the assumptions and formulae used in estimating each of
the elements in Equation 5.14.
5.4.3.1 Estimating precipitation
The complexity in estimating precipitation over small spatial scales precludes any realistic
simulation of rainfall patterns within the Astroni crater. Changes in rainfall with elevation in
mountainous terrain, such as that of the Campi Flegrei region, are too dependent on slope, aspect, wind
direction and proximity to the sea, to be represented by a simple general curve (Barry, 1992). The
relationship between elevation and rainfall is more complex than the relationship between elevation and
temperature. In general, rainfall increases with elevation, as an air mass cools and the amount of water
that can be stored in a gaseous state decreases (Linacre, 1992). However, for the purposes of this model,
it. is assumed that there is no variation in precipitation within the Astroni crater as a result of its small
size (247 ha).

180

The effects of snow accumulation and snow melt have been excluded from this model since
these events are extremely rare, and of limited impact in regions with Mediterranean climates.
5.4.3.2 Estimating evapotranspiration
Evapotranspiration is the sum of the water evaporated from the soil surface to the atmosphere,
and that transferred by transpiration from leaves (Larcher, 1995). Both processes ultimately depend on
sunlight as the source of energy and are generally calculated as one process. Evapotranspiration
increases with air temperature, with the amount of direct sunlight, and with the amount of water
available. Evapotranspiration can be limited either by the amount of energy or by the amount of water
(Moore et al., 1993a).
Potential evapotranspiration is defined as the amount of water that could be transferred from the
soil to the atmosphere given the amount of thermal energy present (Botkin, 1993). Actual
evapotranspiration is defined as the amount that could actually evaporate given the water and energy
available. Potential evapotranspiration is calculated as:

Equation 5.15

where, III, = heat index at site x,
a - exponent.
The heat index is calculated for the whole year by:
12

W1

( rr \ 1514
r

Equation 5.16
month=l V

v

The exponent is calculated by using the heat index value by:
Equation 5.17

a = (0.675H lJ-77JH Ix +17.92HIX + 492.39) x 10^

Equation 5.1 is considered valid between 0°C and 26.5°C. Above 26.5°C and up to 38°C,
potential evapotranspiration follows a parabolic function expressed by:
Equation 5.18
The modification above 26.5°C has the effect of reducing the evapotranspiration rate relative to
the original basic formula.
The rate of a site’s actual evapotranspiration is determined by the potential rate and by the
availability of water stored in the soil. Above some value of soil moisture, wk, actual evapotranspiration
proceeds at the potential rate. At this level, energy, not water, limits the rate of evapotranspiration.
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Below \\\t water also limits evapotranspiration. This rate of evapotranspiration depends on the soil
moisture:
Equation 5.19

EX = E 0X

if

w x > w Kx

and
Equation 5.20

Ex = Eox ( ^ )

if

Wx < W Kx

The cross over occurs, by definition, when w /w Kx is 0.7 u„J(ir v, where wmcLl. r is the maximum
capillary storage or field capacity. Field capacity is the maximum amount of water that can be held
against gravity by the soil particles (Botkin, 1993). Any water added beyond this amount will flow
downward.
5.4.3.3

Estimating water loss
When u\ = u'max „ water loss is at a maximum rate that increases with P */(E m + P ). It is assumed

that the surplus amount of rainfall that runs off is calculated by:

Equation 5.21

Lx =

m p x2){wx)

This is another empirically based relationship. It provides more runoff and/or percolation as
rainfall intensity increases or the ground becomes saturated (the harder it rains and the wetter the
ground, the greater percentage of the water runs off).
5.4.3.4

Estimating upward capillary flux
If the water table depth is below the soil depth, then the upward capillary flux of water is

calculated as
~ W X)
Equation 5.22

where,

Ux —

wm
a_,x XW7D,x
max

K = coefficient, (15 mm m onth1);

\vri)x= water table depth at site x (m).
If the water table is above the soil depth, then obviously there is no net upward capillary flux of
water from the water table up through the soil, and the value of upward capillary water transport is zero.
5.4.3.5

Estimating soil depth
Traditional soil survey maps, typically having scales of 1:25,000 to 1:100,000, often poorly

represent spatial patterns of soil properties and are therefore of very limited use as inputs to ecological
models. Having no other data at hand, advanced distributed parameter models are nevertheless
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frequently run on the coarse scale soil data that are readily available, but generally do not perform
significantly better than much simpler models (e.g. Beven, 1989; Grayson et al., 1992; De Roo, 1993).
Topography has long been recognised as an important soil forming factor (Jenny, 1941), and
terrain analysis has always been an important aspect of soil survey. Many soil properties, like the
thickness of the A and B horizons, carbonate contents, pH, soil fertility, drainage class, and erosion
class, have been shown to vary with landform and hillslope position (e.g. Walker et al., 1968; Daniels et
al., 1985; Kreznor et al., 1989; Carter & Ciolkosz, 1991; Brubaker et al., 1993; Odeh et al., 1994). Soil
attributes could therefore be correlated to quantitative terrain attributes that have been derived from
DEMs (Burrough, 1986).
Moore et al. (1993a) found significant correlations between measured surface soil attributes on
the one hand, and slope angle and wetness index derived from a DEM, on the other. This correlation
was subsequently used to produce detailed maps of A horizon thickness, organic matter content, pH,
extractable phosphorus, and silt and sand content of a 5.4 ha toposequence in Colorado, USA. Odeh et
al. (1991) compared the performance of several statistical methods in predicting spatial patterns of soil
properties against terrain attributes in a much larger test area (26 ha) in South Australia. Skidmore et al.
(1991) used a soil wetness index and terrain position, both computed from a DEM at 30 m resolution,
together with a vegetation map to guide an expert system and map forest soils in a 9 km2 test area in
New South Wales, Australia. McKenzie and Austin (1993) used generalised linear models with
environmental variables, such as geomorphic unit and local relief, as predictors to map a range of soil
physical and chemical properties across the lower Macquarie Valley, NSW, Australia.
These studies rely on correlations between soil observations made at point locations and terrain
attributes calculated for 15 by 15 m plots or larger. In these estimations, short distance variations in soil
attributes are ignored and pixels are assumed to be homogenous. Because of the heterogeneity of some
landscapes, this assumption may introduce significant errors when these maps are combined with other
data of different support size for the spatial modelling of, for example, soil moisture availability
(Burrough, 1991; Heuvelink, 1993). The characteristic horizontal stratification of the Astroni crater's
bedrock, resulting from periodic vertical deposition of ash during the eruptive period (De Lorenzo &
Riva, 1902) implies that there is minimal soil depth heterogeneity. A similar approach was therefore
adopted for estimating soil depth within the Astroni crater. Within the 60 vegetation survey plots, a
randomly located 50 by 50 cm pit was excavated until a solid, rootless bedrock was found. Pits were dug
to a m aximum depth of one metre. If a rootless bedrock zone was not found then a one meter pointed
metal rod with a horizontal bar on the opposite end was pushed five times into the base of the pit, and
the average depth of penetration was estimated. This technique was successful for 32 of the 60 plots, all
located on the slopes of the crater. The remaining 28 plots, all found at the base of the crater, had soil
depths exceeding 1.5 m, and it became difficult to push the rod deeper than 50 cm into the soil, so
reliable results were not guaranteed.
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Multiple regression analysis was carried out on the 32 plots, comparing soil depth values, with
plot heights and the DEM slope values. The algorithm with the highest R2 value (0.63) had the slope
component as a polynomial, and the height component as a power function:
E quation 5.23

SDX = (~0.0012sx 2 - 0.011sx + 1.7) + 5.3HX05

where, SDX= soil depth at site x (m);
Hx = height above sea level of site x (m).
The R2 value was just below the minimum acceptable according to similar soil depth
extrapolation in Boer et a l (1996).
5.4.3.6 Estimating maximum soil water storage and water table depth
Maximum soil water capillary storage and water table depth, which characterise the spatial
distribution of soil moisture content, can be derived from simple catchment drainage theory, and in their
simplest form can be expressed in terms of terrain attributes and soil hydraulic properties (Moore &
Foster, 1990). The \vimir >-value is derived from an estimation of air volume present per unit volume of
volcanic pumice soil multiplied by the soil depth.
The high porosity and homogenous structure of the pumice bedrock and the steep topographical
gradients of the Astroni crater, implies that the water table will be greatly affected by changes in surface
elevation. A well on the northern rim of the crater, situated near one of the ancient guard towers (Torre
Lupara) at a height of approximately 160 metres above sea level, shows that the water table depth at that
height is approximately 20 metres below the surface. By using the height of the water table at Lago
Grande and at Torre Lupara, 14 m and 140 metres above sea level respectively, it is possible to write a
simple empirical linear equation to derive average water table depth for each grid location:

E quation 5.24

where,

SWTD

( h x - h DTo)

WI'DX= water table depth at site x (m);
SWTD/8H = change in water table with height constant (0.138);
Hx = Height above sea level of site x (m);
Hdt 0= height above sea level where D T is zero (14 m.).

5.5 Simulated environmental conditions of the Astroni crater
Figures 5.6 and 5.7 show maps of the modelled environmental characteristics within the
Astroni crater over a one year period in monthly intervals. Figures 5.8, 5.9 and 5.10 present the
modelled values of environmental change for three plots within the crater. Plot 2 is situated on the upper
part of the south facing slope, Plot 17 is situated on the upper part of the north facing slope, and Plot 36
is situated in one of the lowest and most central areas of the crater. Data from these three plots were
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selected to show the range of variation of modelled environmental conditions within the crater. The
maps and graphs show that during the winter months there is a significant difference in solar radiation
between the south and north facing slopes of the crater, with the central parts showing intermediate
values. As one moves into the summer season, the higher solar angles result in the flatter areas of the
crater (principally the crater’s base) receiving the highest irradiation. This distinction in solar radiation
is reflected in temperature variations during the winter period, with the lowest temperatures apparent on
the north facing slope: these slopes effectively do not receive any direct radiation during this time and
thus are not heated by the sun’s rays.
The effects of katabatic air mass movements seem to have a far greater significance in the
summer period, where they over-ride the effects of higher radiation at the base of the crater, thus making
the latter cooler than the slopes. Both radiation and temperature seem to have a limited effect on
evapotranspiration deficit within the crater, with slope and depth to the water table the overwhelming
factors in controlling drought stress. The modelling results imply that the lowest parts of the crater are
never subject to drought stress, while from May until October, most of the higher and sloping parts of
the crater are subject to intense stress. It is probable that although slope and depth to the water table are
the controlling factors in the crater’s drought stress distribution, the lower temperatures at the base of
the crater may also contribute to lower evapotranspiration rates.
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Solar Radiation

Air Temperature

Evapotransp. Def.

Jan u a ry
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M arch

Figure 5.6: Modelled environm ental characteristics within the Astroni cra te r from January to
June. Solar radiation and evapotranspiration deficit maps show colour variations with respect to
yearly maxima and minima. For solar radiation, d ark red colours signifies high radiation
intensities and black signifies low radiation intensities. For evapotranspiration deficit, d ark brown
signifies high evapotranspiration deficit and d ark green signifies no deficit. Tem perature maps
show colour variations with respect to monthly maxima and minima. D ark red signifies high
tem peratures and d ark purple signifies low tem peratures.
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Solar Radiation

Air Temperature

Evapotransp. Def.
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O ctober

Novem ber

Decem ber

Figure 5.7: M od elled en vironm en tal ch aracteristics w ithin the A stroni cra ter from July to
D ecem ber. Solar radiation and evap otran spiration d eficit m aps show colour variations w ith
resp ect to yearly m axim a and m inim a. For solar rad iation , d ark red colours sig n ifies high
rad iation in ten sities and black sign ifies low rad iation in ten sities. For evap otran spiration deficit,
d ark brow n sign ifies high evap otran spiration d eficit and d a rk green sig n ifies n o d eficit.
T em p eratu re m aps show colour variations w ith resp ect to m onthly m axim a and m inim a. D ark red
sign ifies high tem peratures and d ark purple sign ifies low tem peratures.
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F igure 5.8: M od elled solar rad iation variation for three survey plots w ithin the A stroni crater.
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Figure 5.10: Modelled actual evapotranspiration variation for three survey plots within the Astroni
crater.

Month

M ean
Temperature

(°C.)

Average
D aily
Irradiation
(pm ol m 2 s"1)

Soil Water
(mm H 2O / m
soil depth1)

Potential
Evapo
transpiration
(mm month ')

Actual Evapo
transpiration
(mm m o n th 1)

Evapo
transpiration
D eficit

January

8.04

350

27.8

20.4

20.4

0

F ebruary

9.85

458

27.8

24.4

24.4

0

M arch

11.82

610

27.6

33.3

33.3

0

A pril

14.78

780

23.5

49.1

49.1

0

M ay

18.76

855

17.7

74.1

67.4

0.09

June

21.74

870

12.9

95.6

63.1

0.34

July

24.74

903

10.4

119.5

64.0

0.46

A ugust

24.75

888

11.4

119.7

70.2

0.41

Septem ber

21.78

777

18.3

95.9

90.4

0.06

O ctober

17.82

605

25.9

67.8

67.8

0

N ovem ber

13.86

410

27.8

43.9

43.9

0

D ecem ber

10.90

318

27.8

29.0

29.0

0

Table 5.1: Modelled environmental characteristics of Plot 2. Plot features: Quercus ilex stand, with
very little undergrow th; situated near southern rim of crater; height above sea level, 200.5 m;
slope, 25°; aspect, 208°; soil depth, 0.51 m, w ater table depth, 11.8 m.
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Month

Average
Daily
Irradiation
(pmol m'2 s'1)

Soil Water
(mm H 2 O / m
soil depth1)

Potential
Evapo
transpiration
(mm month’1)

Actual Evapo
transpiration
(mm month’1)

Evapo
transpiration
Deficit

7.73

48

34.1

17.4

17.4

0

8.96

109

34.1

22.2

22.2

0

11.18

245

34.1

32.1

32.1

0

14.35

47 4

2 9 .4

4 8 .6

4 8 .6

0

18.45

670

722

73.8

68.5

0.07

21.51

800

16.3

95 .2

65.1

0.32

24.51

816

13.4

118.2

66.3

0.44

24.46

700

14.7

117.8

72.2

0.39

21.35

472

2 3 .0

94 .0

90.6

0.04

17.19

246

32.2

65 .6

65.6

0

12.94

93

34.1

40.9

40.9

0

9.7 2

43

34.1

25.4

25.4

0

Mean
Temperature
( ° c .)

January
February
March
April
May
June
July
August
September
October
November
December

Table 5.2: Modelled environmental characteristics of Plot 17. Plot features: Quercus ilex stand;
situated near northern rim of crater; height above sea level, 164.5 m; slope, 21°; aspect, 20°; soil
depth, 0.63 m, water table depth, 10.9 m.

Month

January
February
March
April
May
June
July
August
September
October
November
December

Soil Water
(mm H2O / m
soil depth1)

Potential
Evapo
transpiration
(mm month'1)

Actual Evapo
transpiration
(mm month1)

Evapo
transpiration
Deficit

7.75

Average
Daily
Irradiation
(pmol m"2 s'1)
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108.9

18.5

18.5

0

8.74

283

108.9

22.5

22.5

0

10.79

446

108.9

31.6

31.6

0

13.83

666

104.8

47.1

47.1

0

17.86

815

97.8

71.2

71.2

0

20.87

889

87.0

91 .6

9 1 .6

0

23.87

916

78.3

113.8

113.8

0

23.86

848

80.5

113.7

113.7

0

20.83

663

9 7 .4

91.3

91.3

0

16.79

443

106.9

64.5

64.5

0

12.74

252

108.9

41.3

41.3

0

9.75

180

108.9

26.8

26.8

0

Mean
Temperature
(°C.)

Table 5.3: Modelled environmental characteristics of Plot 36. Plot features: Mixed deciduous
stand; situated within the crater base; height above sea level, 26 m; slope, 3°; no aspect; soil depth,
2.19 m; water table depth, 2.64 m.
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5.6 Conclusion
This chapter has presented the derivation of environmental variables from a digital elevation
model of the crater, local meteorological data and a series of basic ground surveys. Since the initial
objective to use remotely sensed images to provide inputs to and validation for the environmental
modelling failed, the realism of the environmental model outputs cannot be tested. What is important
though is that plausible environmental variations within the Astroni crater have been detected and the
resulting data are adequate for the modelling of vegetation dynamics. The following chapter will present
the results of applying the vegetation dynamics model on the environmental data and the potential
applications of ASTROMOD for aiding management decisions within the Astroni crater.
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6. Astroni Simulations
6.1 Introduction
This chapter presents the results of several ASTROMOD simulations using all the formulae
developed and data set results from chapters 4 and 5. The chapter begins with a description of the
computational limitations encountered during the ASTROMOD simulations for the whole of the Astroni
crater. This section is followed by a discussion of the actual simulations. The first set of simulations
involved all the 3,949 Astroni 25 m by 25 m plots. Here, primary succession was simulated for 1,000
years and a simple management routine was simulated between 1,000 and 1,150 years. These
simulations were used to compare the simulated distribution of dominant tree species with actual
distributions, and analyse the simulated biomass and nitrogen concentration distribution within the
Astroni crater. Simulations also included future predictions of species distribution, biomass and nitrogen
concentration change. Further analysis of ASTROMOD simulations were carried out by comparing the
simulations and the actual survey data of 46 specific plots within the Astroni crater. This involved a
more detailed analysis of species composition, demography and influence of environmental
determinants.
The second part of this chapter discusses the problems identified within ASTROMOD and
possible improvements, both within the vegetation dynamics model and the environmental model. The
final part of the chapter presents the options available to expand the scope of ASTROMOD, including
the use of fire behaviour and animal niche models.

6.2 Computational limitations
Once all the equations were incorporated into ASTROMOD and the first complete simulation
was attempted, it was discovered that the computer did not have enough random access memory for
storing the data generated by the simultaneous modelling of Astroni's 3,949 plots, necessary for the
calculation of the effects of contagion. This meant that contagion had to be excluded from ASTROMOD
so that the plots could then be simulated one at a time.
Another major limiting factor was the speed of calculation. Once the contagion function was
disabled, a single 31,000 year simulation of one plot was estimated to take approximately two hours to
complete, compared to the 17 minutes for 31,000 year FORCLIM simulations using more advanced
modelling software (Bugmann, 1994). This meant that a 31,000 year simulation for the 3,949 Astroni
plots would take approximately 330 days of continuous computer running. It was therefore decided to
carry out a simulation for all the Astroni plots for only 1,300 years (approximately 30 days of continuous
running), and not calculate the steady-state species composition. The large number of plots within the
crater would still allow a significant comparison to be carried out between the simulated and actual
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vegetation communities. 1,000 years of simulation would allow the species composition to reach an
advanced stage of succession, similar to the state the vegetation within the crater would have been
previous to any intervention by humans. Comparing ASTROMOD's output with Astroni's vegetation
introduces an additional complication. The forest within the crater has been extensively managed for at
least the last two centuries, with the removal of timber and planting of native and alien species.
Management records have either never been kept or are not available for public consultation. Subsequent
ASTROMOD simulations from the 1,000 year mark would allow the testing of a simple management
scenario. This scenario will mimic the crater’s management history so as to result in a similar simulated
vegetation distribution and composition to that present in the Astroni crater.

6.3 ASTROMOD simulations for the whole Astroni crater
Initial testing of ASTROMOD simulations against observations within the Astroni crater
involved a simple comparison of the distribution of the tree species within each simulated plot with the
vegetation map of the reserve (see Section 4.6 for a justification for the selection of the tree species
included within the simulations). Between 1,000 and 1,050 years, ASTROMOD was programmed to
simulate the establishment of the tree plantations, and the extraction of wood via coppicing and logging.
This was carried out quite simply by the establishment of a determined number of planted species
saplings (estimated to be 100 per plot), and preventing any other species from establishing in these plots.
When the planted trees reached a certain size (e.g. 20 a n in DBH for Castanea sativa plantation) the
plots were coppiced. The surviving tree stumps would then produce multiple shoots (the exact number
determined stochastically). In the plots that were not coppiced, trees that had achieved a diameter
greater than 70 cm were logged. It was assumed that the alien invasive species Robinia pseudoacacia
and Ailanthus altissima were controlled. From year 1,050 onwards, non-intervention was simulated
(equivalent to the management strategy since 1987). All species were allowed to establish themselves
throughout the crater and no coppicing or logging took place. The subsequent 100 years were simulated
to give some sort of prediction for the future i.e. what would 100 years of non-intervention result in?
6.3.1 Comparison of simulated and actual tree species distribution
Figure 6.1 shows the dominant species distribution within the Astroni crater after 1,000 years
(Figure 6.1.A); 1,050 years (Figure 6.1.B); 1,100 years (Figure 6.1.C); and 1,150 years (Figure 6.1.D) of
the ASTROMOD simulation. These distributions can be compared with the Astroni’s crater map of
dominant species distribution (Figure 6.1.E). Particular attention should be given to the location of the
ecotonal boundary between the deciduous forest principally dominated by Quercus robur and Quercus
petraea, and the evergreen forest dominated by Quercus ilex. When the mapped distribution of the
dominant tree species at simulation year 1,050 (Figure 6.1.B) is compared to the vegetation map (Figure
6.1.E), one can see that ASTROMOD comes very close to an almost exact match in dominant species
distribution. Slight variations occur on the southern side of the crater where the simulated results show
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that Quercus ilex is able to dominate in the lower elevations compared to the actual distribution. The
pattern of Quercus ilex distribution around Colie Imperatrice and La Rotondella is also slightly
different, with Quercus ilex domination displaced towards a more northerly location (further away from
the lake). This anomaly could be attributed to a slightly more xeric simulated environment. A more
accurate estimation of soil and water table depth may improve the accuracy of the ecotonal boundary
positioning.
The behaviour of the planted stands is also quite satisfactory. All introduced species are able to
successfully establish themselves within the prescribed plantation zones, and survive repeated logging
and coppicing cycles. What none of the simulated maps show are the location of the macchia, garrigue
and ruderal vegetation communities. These were not simulated by ASTROMOD.
When comparing the simulated dominant species distribution at year 1,000 i.e. before human
intervention (Figure 6.1.A) with the year 1,050 (Figure 6.1.B), one can see that, during the human
intervention phase, there is a significant increase in domination by Populus tremula within the
deciduous oak forest and a slight expansion by Salix caprea in the wetter sites. Fraxinus om us is also
more prominent both on the lower slopes and the base of the crater. The boundary between the
deciduous oaks and Quercus ilex also undergoes changes, with the deciduous oaks loosing ground,
especially to the north and east of “Colie Imperatrice”. The opening up of the canopy over the 50 year
simulation period would have certainly favoured the more r-selected Populus tremula, Salix caprea and
Fraxinus omus.

Quercus ilex may have been favoured over the deciduous oaks on

the

evergreen/deciduous boundary because of its capacity to grow faster under stressful conditions.
During the “non-intervention” phase (Figures 6.1.C and 6.1.D), one can see that the deciduous
oaks are able to regain dominance in the non-planted areas at the base of the Astroni crater, but they are
not able to displace the planted species there. However, Quercus ilex is able to occupy a large proportion
of the Ostrya carpinifolia plantation. This confirms the survey results which noted the absence of Ostrya
carpinifolia saplings in the shrub layer, while Quercus ilex saplings where able to establish themselves
successfully.
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Key:
; g Q uercus ilex
| M acchia

□

Garrigue
1 Q uercus pubescens

~ 1 F raxinus o m u s

□

C astanea sativa

[ i l | A bies sp.

Q uercus robur

□

O strya carpinifolia

[ ijj P opulus trem ula

Q uercus petraea

□

C arpinus betulus

□

R obinia pseudoacacia

L acustrine

□

R uderal

Q uercus rubra

Figure 6.1: Dominant species distribution within the Astroni crater after A) 1,000 years; B) 1,050
years; C ) 1,100 years; and D) 1,150 years of ASTROMOD simulation. E ) Present dom inant species
distribution with the Astroni crater.
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6.3.2 Simulated biomass distribution
Figure 6.2 shows the biom ass levels sim ulated by A ST R O M O D for the A stroni crater. A fter
1,000 years o f succession (Figure 6.2. A), the h ig h est levels o f biom ass, averaging 50 kg m '2, are found a t
the base o f the crater w here the m ainly deciduous oak w oodland is situated, w ith biom ass levels peak in g
at 84 kg m"2. O n the slopes, biom ass levels are considerably low er, only reaching an average o f 20 kg m '
2, w ith som e plots on the steepest slopes barely exceeding 3 kg m"2. T h e average biom ass levels on the
slopes w here the Q uercus ilex w oodland is situated, are com parable to those found in other Q uercus ilex
forests. R app (1969) and L oissant and R app (1971) estim ated an average value o f 26.4 kg m ‘2 w ithin a
150-year-old Q uercus ilex stand. T h e 3 kg m 2 value is com parable to g arrig u e biom ass values (2.3 kg m*

2 for Quercus garrigue in Mooney (1981)).
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Figure 6.2: ASTROM OD simulations of biomass levels within the Astroni crater a t A) 1,000 years;
B) 1,050 years; C) 1,100 years; and D) 1,150 years.
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The logging and planting phase (Figure 6.2.B) sees a considerable reduction in biomass levels.
The effect of removing all the trees above a DBH of 70 cm is seen in the average biomass levels, which
drop to 25 kg m'2 at the base of the crater and 15 kg m'2 on the slopes. ASTROMOD simulated the
harvesting of six tree species from the natural woodland of individuals with a DBH greater than 70 cm.
Table 6.1 shows the distribution of harvesting over the 1,000 and 1,050 year period. The majority of
trees are removed in the first ten years, and a small proportion of trees removed thereafter. Within the
plantations, Quercus rubra has the highest productivity, with the first coppicing taking place after the
third decade of planting. The Carpinus betulus plantation is coppiced in the next decade, together with a
small number of Ostrya carpinifolia plots. The majority of Ostrya carpinifolia plots are coppiced in the
final decade while Castanea sativa trees do not reach a DBH of 20 cm, so were not cut in the simulation.
Figure 6.2.B shows evidence of the harvesting regime, with the lowest biomass levels being registered in
the Ostrya carpinifolia plots which had just been cut in the decade prior to year 1,050, while the highest
biomass levels can be seen in the Castanea sativa plots which were left untouched. The simulated timing
of coppicing within the plantations obviously does not correspond to the actual management history,
since the Castanea sativa plantation shows considerable evidence of coppicing. It is possible that the
minimum DBH size before coppicing in the Castanea sativa plantation was lower than the 20 cm value
set in the ASTROMOD simulation, and therefore the coppicing rotation period may have been shorter.

Species

Num. of
Num. of
Num. of
Num. of Total logs Production
Num. of
logs
logs
logs
logs
logs
extracted (m3 ha-1
extracted - extracted - extracted - extracted - extracted yr-i)
Years
Years
Years
Years
Years
1,021 to
1,041 to
1,000
1,011 to
1,031 to
1,020
1,030
tol,010
1,040
1,050
Native species (logs = 70 cm DBH)

Quercus robur

2048

13

27

20

13

2,121

89

Quercus ilex

5167

1

22

93

176

5,459

145

Quercus petraea

2340

2

1

5

12

2,360

99

Fraxinus om us

291

11

3

1

0

306

8

0

4

79

278

132

493

13

448

7

2

1

0

458

19

Quercus pubescens
Populus tremula

Planted species (logs = 20 cm DBH)
Castanea sativa

0

0

0

0

0

0

0

0

3,508

0

Carpinus betulus

0

0

3,508

43

Ostrya carpinifolia

0

0

0

327

1,619

1,946

20

Quercus rubra

0

0

10,744

0

0

10,744

293

Table 6.1: Production of logs over a 50 year period within the Astroni crater as simulated by
ASTROMOD.
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From year 1,050 onwards the simulation results show the effect on biomass levels as the crater
is left unmanaged. Figures 6.2.C and 6.2.D show a rapid recovery in biomass levels, especially at the
base of the crater where conditions are more favourable. Biomass levels in the Castanea sativa and
Quercus rubra plantations seem to exceed those in the natural vegetation communities in the first 50
years of non-intervention. After 100 years of non-intervention, the natural vegetation community at the
base of the Astroni crater has comparable biomass levels to the plantations.
6.3.3 Nitrogen concentration distribution
Figure 6.3 shows the concentration of available nitrogen within the Astroni crater as simulated
by ASTROMOD. After 1,000 years of succession (Figure 6.3.A), a clear distinction is apparent between
the slopes and the base of the crater. The highest concentrations are at the base of the crater (average of
135 kg N ha'1), while the slopes can only achieve an average of 65 kg N ha'1. Another interesting factor
is the higher heterogeneity in nitrogen concentrations within the deciduous community, with values
ranging from 46 to 200 kg N ha'1 yr'1. Death of a large tree would initially sequester nitrogen from its
surroundings, but once lignin has been broken down, large amounts of nitrogen would be released. The
simulated soil nitrogen concentrations found within the Quercus ilex community are within the range of
values found in other Quercus ilex woodlands. Bonilla and Rodh (1992) estimated an average of 91 kg N
h a'1 available for absorption, while Loissant (1973) and Rapp (1983) found average values of 46 kg N
h a'1. During the logging and harvesting phase (Figure 6.3.B), the simulations show a general reduction
in the heterogeneous distribution of soil nitrogen concentration, as the average size of dying trees are
reduced. Thus, there are fewer values reaching over 180 kg N ha'1 or falling below 60 kg N ha'1. The
exceptions to this trend are the Castanea sativa and Quercus rubra plantations, where nitrogen levels
are very high, averaging 190 kg N ha'1. This can be correlated to the high biomass levels reached in
these stands. Within these plantations, nitrogen concentration continues to rise in the non-intervention
phase (Figure 6.3.C and 6.3.D), while in the remainder of the crater, levels revert to their original values
and heterogeneous distributions.
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Figure 6.3: ASTROMOD simulation of available nitrogen concentrations within the Astroni crater
at A) 1,000 years; B) 1,050 years; C) 1,100 years; and D) 1,150 years.

6.4 ASTROMOD simulations of specific survey sites
T h e second stage o f testing was carried out on d irect com parisons betw een m easu rem en ts o f a
selection o f survey plots and sim ulations o f the sam e plots w ithin A STR O M O D . F orty-six plots were
selected for the A STR O M O D sim ulation, represen tin g all the m ajor w oodland types w ithin th e crater.
V egetation types that w ere dom inated by the herbaceous layer, such as g arrig u e an d ru d eral, w ere n o t
included since A STR O M O D was specifically designed to sim ulate w oodlands only. For each plot, 100
sim ulations w ere carried out for 1,050 years, follow ing th e sam e procedure as the stage one test:
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succession until year 1,000; planting and/or logging between years 1,000 and 1,050. The basal area of
trees above a DBH of 5 cm, and density of trees/shrubs below a DBH of 5 cm were sampled from the
simulations at year 1,050 for comparison with the surveyed plots.
6.4.1 Analysis of species composition
For comparing the species composition of the simulated forests with the surveyed sites, several
statistical analysis methods were considered. Harrison and Shugart (1990) used the Euclidean distance
to compare the simulated species composition with field data, yet this measure is not capable of tracking
differences between the sums of the data sets (i.e. total biomass). The Analysis of Diversity procedure
(ANODIY, George & Hanumara (1989)), was examined by Bugmann (1994), but it was concluded that
a diversity index leads to the loss of important information about the presence or absence of key species,
and is unreliable for more than ten species, if their relative proportions are uneven (which is usually the
case in gap models). Prentice and Helmisaari (1991) proposed the use of a percentage similarity
coefficient, which relates two sets of data as follows:
n

Equation 6.1

PS=1-^-

where, PS = percentage similarity coefficient (0 < PS > /);
Xt - abundance value of species i from the first data set;
y, = abundance value of species i from the second data set.

This coefficient has advantages over the other statistical analysis methods since it tracks
differences in the relative distributions of species abundance values, and decreases as the differences
between the sums of abundance values (e.g. total biomass) become larger.
Percentage similarity coefficients were calculated between each surveyed plot and the 100
ASTROMOD simulations for that plot. Table 6.2 gives a summary of the percentage similarity
calculations. For each vegetation community, the overall average percentage similarity coefficient was
calculated. The average of the lowest and highest percentage similarity coefficients between plots of the
same vegetation communities, was also calculated. The table shows that Quercus ilex plot simulations
had the highest percentage similarity coefficients (average percentage similarity of 42.7 % (1.9 standard
error)) with over 3 % (0.8 standard error) of all simulations reaching percentage similarity values of
over 80 %. Both the deciduous oak woodland and the plantations achieved average percentage similarity
values between 14 % and 18 % (maximum standard error of 2.5), with the exception of Quercus rubra
plantations which had a value of 11.5 % (standard error 0.8). None of the deciduous oak woodland or
plantation plots had percentage similarity values above 80 %. The higher percentage similarity values
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for the Quercus ilex community is quite simply due to this vegetation community’s low species diversity.
In contrast, the deciduous communities have low percentage similarity values due to their higher
diversity. Differences may also be accentuated by the fact that ASTROMOD simulations in the
plantations were programmed to exclude all other species except for the planted ones. The survey plots
of the plantation sites did not always contain pure stands of the planted species.

NUMBER
OF PLOTS

AVERAGE
PS
(ST. ER.)

AVERAGE
PS MINIMUM
(ST. ER.)

AVERAGE
PS MAXIMUM
(ST. ER.)

PS OVER
80%
(ST. ER.)

Quercus
ilex

18

42.7
(1.9)

20.8
(1.6)

76.7
(2.1)

3.7
(0.8)

Deciduous
oak

14

16.4
(0.9)

2.8
(0.3)

29.8
(1.2)

Carpinus
betulus

3

17.7
(2.4)

13.4
(1.8)

22.5
(2.9)

Ostrya
carpinifolia

3

16.1
(1.8)

10.0
(1.2)

26.7
(2.2)

Macchia

3

14.7
(2.5)

10.6
(1.8)

34.1
(4.1)

Castanea
sativa

3

17.7
(0.8)

14.4
(0.7)

27.8
(1.3)

Quercus
rubra

2

11.5
(0.8)

9.9
(0.7)

13.8
(1.0)

VEGETATION
TYPE

-

-

-

-

-

-

Table 6.2: Percentage similarity values comparing the tree layer of ASTROMOD simulations with
survey plots of the vegetation types within the Astroni crater.

Table 6.3 shows a summary of the percentage similarity values for the shrub layer. Quercus
rubra plots were not included in this calculation since no trees/shrubs below a DBH of 5 cm were
present in the surveyed plots. The percentage similarity values for all the plots were very low, with none
registering a value above 37 %. Deciduous oak stands had the highest average percentage similarity
coefficients (7.5 %, 0.5 standard error) while Castanea sativa stands had an extremely low average of
0.6 % (0.06 standard error).
These low percentage similarity values reflect the inability of gap models to realistically
simulate the composition of sub-canopy species composition. The assumption that competitive
interactions for light are homogenous throughout the gap (in this case a 625 m2 plot), may work for the
dominant tree individuals, but for smaller plants this may not be the case, because irregularities in the
canopy may result in a heterogeneous light distribution in the sub-canopy. This heterogeneity may
therefore support a more diverse sub-canopy community.
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NUMBER
OF PLOTS
SAMPLED

AVERAGE P.S.
MINIMUM
(ST. ER.)

AVERAGE
P.S.
MAXIMUM
(ST. ER.)

AVERAGE
P.S.
(ST. ER.)

P.S. OVER
80%
(ST.ER.)

Quercus
ilex

18

0.0
-

19.9
(0.9)

6.4
(0.4)

-

Deciduous
oak

14

0.0
-

25.5
(0.5)

7.5
(0.3)

Carpinus
betulus

3

0.0
-

25.1
(U )

4.7
(0.7)

-

Ostrya
carpinifolia

3

0.0
-

7.9
(U )

2.6
(0.4)

-

Macchia

3

0.0
-

11.8
(2.0)

3.5
(0.6)

Castanea
sativa

3

0.0
-

2.3
(0.6)

0.6
(0.06)

VEGETATION
TYPE

-

-

-

Table 6 3 : Percentage similarity values comparing the shrub layer of ASTROMOD simulations
with survey plots of the vegetation types within the Astroni crater.

6.4.2 Analysis of vegetation demography
A more in-depth level of testing was attempted by comparing the actual growth, mortality and
regeneration rates of the trees within the last twenty years with those simulated by the model. Part of the
initial strategy was to compare tree ring widths from tree cores taken from the survey plots to estimate
growth rates. Unfortunately, attempts to take tree cores were unsuccessful as a result of the wood’s
hardness. Instead, this level of testing had to rely on comparing size classes and the proportions of live
to dead individuals between the ASTROMOD simulations and the survey plots. The only survey data
available to analyse the vegetation dynamics within the ASTROMOD simulations were the size class
frequencies of trees with a DBH greater than 5 cm. These were divided into five DBH classes: 5 to 10
cm; 10 to 20 cm; 20 to 40 cm; 40 to 80 cm; and above 80 cm. In this case, chi-squared (%2) contingency
tests were carried out between the observed distribution of DBH size classes, and the modelled
distribution for 100 simulations per plot (i.e. the same simulation data that was used in Section 6.4.1).
Table 6.4 shows the results of the %2 contingency test calculations. The third column of the
table shows the number of tests which had at least one simulation out of a hundred with a significant %2
value (p = 0.05) for the plots within each vegetation type. The tests show that, except for the Castanea
sativa and Quercus rubra plantations, there was at least one plot for each vegetation type that had
simulations projecting statistically significant similarities in DBH size class distributions to the surveyed
plots. The proportions of simulations for each plot that ware significantly similar were generally not very
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high, with numbers not exceeding four simulations for every 100. The semi-natural stands of Quercus
ilex also showed above average similarities.

VEGETATION TYPE

Quercus ilex

NUMBER OF
Highest number of simulated
Simulations to survey plot
PLOTS
comparisons which had at least plots which had a significant
SAMPLED
one significant chi-squared
chi-squared Result
value
15
21/100
18

Deciduous oak

14

12

4/100

Carpinus betulus

3

1

2/100

Ostrya carpinifolia

3

2

4/100

Macchia

2

1

4/100

Castanea sativa

3

-

-

Quercus rubra

2

-

Table 6.4: Chi-squared results comparing size class distribution frequencies between surveyed and
simulated plots.

The relatively low proportion of significant %2 results does indicate that there are marked
demographic differences in the majority of simulations when compared to the surveyed plots. Figure 6.4
shows the difference in DBH size class frequencies between the surveyed plots and the averaged
distribution in the simulated plots. The graph shows that on average, there is a higher proportion of trees
in the larger DBH size class when compared to the surveyed plots. For example, the surveyed deciduous
oak plots show a slight peak in the lower size classes, as opposed to the simulations which show a peak
in tree numbers within the 50 to 80 cm DBH size class. The exceptions in this trend are mostly found in
the coppiced plantations where the model does introduce an artificially high number of trees in the lower
size classes resulting from the coppicing history.
ASTROMOD is therefore not able to realistically simulate the demography of smaller, sub
canopy plant individuals. Apart from coppiced plots where the canopy was opened artificially, small
trees are consistently under-represented in the simulated plots. Once again, this result can be attributed
to the homogeneity in simulated light intensities below the canopy, which reduce the survivorship of
sub-canopy trees. Where the canopy is more regularly opened, for example, in the Quercus ilex plots
where mortality rates are higher (higher environmental stress / lower maximum age of species), more
sub-canopy individuals are able to persist and therefore simulations are more realistic.
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Num ber o f tree
individuals

DBH Categories (cm.)

Num ber o f tree
individuals

15 to 20
20 to 30
30 to 50
DBH Categories (cm.)

50 to 80

Figure 6.4: G raphs of DBH size class frequencies from: A) survey plots, and B) average of 100
ASTROM OD simulations (Colour codes: azure - Carpinus hetulus, orange - Castanea sativa, light
green - Macchia, yellow - Ostrya carpinifolia, d ark green - Quercus ilex, purple - deciduous oaks).
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6.4.3 Comparing simulations and survey plots with modelled environmental conditions
The final stage of analysis was carried out as a means of generating hypotheses for the
vegetation distribution within the Astroni crater. Thirty-two survey plots that represented the most
natural vegetation within the Astroni crater (i.e. excluding plantation sites) were selected, and together
with simulations of the same plots, were analysed with respect to the plots’ modelled environmental
variables using Canonical Correspondence Analysis (CANOCO). CANOCO enables the ordination of
abundance data and the ability to account for its variation with specified covariables i.e. environmental
data (Ter Braak & Smilauer, 1998).
The species basal area values and the year averages for evapotranspiration deficit, soil-water
saturation, temperature and irradiation were the specific variables analysed. Figure 6.5 .A shows the
CANOCO results graph for the simulated plots. The first axis has an eigenvalue of 0.597 out of 0.708
for the sum of all canonical eigenvalues, and represents 89.4 % of the variance of the speciesenvironmental relationship. Evapotranspiration deficit and soil-water saturation show correlation
coefficients of 0.93 and -0.93 respectively with the first axis, while temperature and irradiation show
coefficients of -0.53 and 0.27 respectively. The remaining axes have eigenvalues of only 0.07, 0.02 and
0.01. Figure 6.5.B shows the CANOCO results graph of the survey plots. The first axis has an
eigenvalue of 0.345 out of 0.453 for the sum of all canonical eigenvalues, and represents 77.7 % of the
variance of the species-environmental relationship. Evapotranspiration deficit and soil-water saturation
show correlation coefficients of 0.87 and -0.93 respectively with the first axis, while temperature and
irradiation show coefficients of -0.74 and 0.16 respectively. The remaining axes have eigenvalues of
only 0.05, 0.03 and 0.006.
The results show that there is a striking similarity between the ordination of the survey and
simulated plot basal area data. This suggests that the environmental and vegetation simulations could
realistically represent the natural biophysical system within the Astroni crater. The results show that
hydrology may be the predominant factor in determining the vegetation distribution, with temperature
possibly playing a secondary role. This is in direct contrast to the temperature inversion theories
proposed for explaining the natural vegetation distribution within the Astroni crater.
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6.5 Summarising ASTROMOD tests
Tests to validate ASTROMOD were carried out at different spatial scales. At the ecoprovincial
scale (Section 4.6.4), ASTROMOD simulations were shown to realistically represent the distribution of
dominant tree species across the temperate to Mediterranean bioclimatic gradient. ASTROMOD
simulations showed a significant improvement on previous gap models (Kienast, 1991; Bugmann, 1994)
principally because simulations were carried out at monthly as opposed to yearly intervals. This increase
in temporal resolution allowed a more realistic simulation of the effects of environmental determinants
(principally summer drought and low winter temperature) on the distribution of dominant tree species.
Subsequent tests concentrated on comparisons with the Astroni crater (Sections 6.3 and 6.4).
Section 6.3.1 compares the simulated and actual distribution of the dominants tree species.
ASTROMOD simulations show a significant correlation with the actual evergreen Mediterranean /
deciduous temperate ecotonal boundary. However, the inability to validate the modelled environmental
data does not allow a confirmation of the hypothesis that hydrology is the major determinant of the
ecotonal boundary. Sections 6.3.2 and 6.3.3 analyse the simulated biomass and available soil nitrogen
concentration within the crater. The results are comparable to field measurements of biomass and
available soil nitrogen concentration within other Mediterranean woodland sites.
Section 6.4 compares ASTROMOD simulations with the vegetation survey data. Species
composition comparisons (Section 6.4.1) show that ASTROMOD’s predictive accuracy decreases with
increases in species diversity. ASTROMOD is also not able to realistically simulate the size class
distribution of plant individuals (Section 6.4.2). These effects are attributed to the averaging within the
gap area, of the influence on light intensities by large tree individuals. This results in low photosynthetic
rates in the sub-canopy, resulting in a high mortality rate, and thus reducing species diversity and the
density of sub-canopy individuals.
Section 6.4.3 compares the significance of modelled environmental determinants on the
abundance and composition of species within simulated and surveyed plots. The results show that both
the simulated and surveyed plots show strikingly similar correlations to environmental determinants.
Evapotranspiration deficit is shown to be the major determinant, with temperature playing only a
secondary role. Although this does not provide proof for the validation of the modelled environmental
data, the results confirm the importance of the drought stress hypothesis in determining species
distribution within the Astroni crater.
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6.6 Improving the predictive capacity of ASTROMOD
6.6.1 Improving the mechanistic algorithms
The criteria for ASTROMOD development was to reduce dependency on empirical formulae
and increase the temporal resolution from yearly to monthly calculations. This would allow the
application of ASTROMOD to highly diverse environments, from temperate to Mediterranean biomes,
and over heterogeneous terrain. Through the use of the hierarchical patch dynamics paradigm, an
attempt was made to use the understanding of phenomena at a lower level of organisation to model
phenomena at a higher level of organisation. For example, the photosynthetic response to temperature
variations was used to model the temperature effects on plant growth (Section 4.5.5.2). The hierarchical
patch dynamics paradigm also allowed the integration of temporal and spatial units at which ecosystem
processes function. Environmental and vegetation dynamics processes were modelled within 625 m2
spatial units, and at monthly intervals. Thus, the hierarchical patch dynamics paradigm was used to
organise data and generate algorithms appropriate to that spatial and temporal scale.
This approach was only partially successful. The lack of readily accessible autoecological data
and mechanistic algorithms in gap models meant that formulae had to be developed which had not been
validated, and many formulae within ASTROMOD are also empirical. A greater use of mechanistic
formulae would enable the application of ASTROMOD to more diverse environmental scenarios and
increase its predictive accuracy. An improvement to mechanistic modelling within ASTROMOD would
be to adopt a similar strategy to that used in biogeochemical models, which have been developed in
parallel with gap models.
Biogeochemistry models simulate the cycles of carbon, nitrogen, and water in terrestrial
ecosystems. Examples include BIOME (Prentice et al., 1992), Biome-BGC (McGuire et al, 1993),
Century (Running & Hunt, 1993), TEM (Parton et al., 1994), CEVSA (Cao & Woodward, 1998),
MEDRUSH (Osborne & Woodward, In-press). These models employ general frameworks for all
vegetation types, but have some parameters or functions that vary by vegetation type. Examples of such
vegetation type-specific relationships include the fractional allocation to plant tissue types and carbonto-nitrogen ratios. The models simulate evapotranspiration, photosynthesis and/or net primary
production, decomposition, and soil nitrogen turnover as influenced by climate variables and soil
properties. The models represent the structure of ecosystems with different degrees of aggregation, but
can all produce estimates of net primary productivity, net nitrogen mineralisation, evapotranspiration,
and carbon storage for living and non-living compartments.
Biogeochemistry models have been linked to General Circulation Models (GCMs) to investigate
the effects of increases in atmospheric C 0 2 concentrations and climate change on the processes outline
above (Betts et a l, 1997, Cao & Woodward, 1998). The GCM and vegetation models are coupled by
iterating between the two models, each providing boundary conditions for the other. For example, in the
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simulation by Betts et al. (1997), the GCM supplies climatological monthly means to the vegetation
model, which returns the distribution of leaf area index and daytime mean canopy conductance. The
latter values are used to redefine the GCM land surface parameters for the next iteration.
Osborne and Woodward (in press) have been developing a biogeochemical simulation model of
Mediterranean vegetation (MEDRUSH) as part of the European Community Mediterranean
Desertification and Land-Use (MEDALUS) Project The model simulates productivity, structure and
water relations of patches of Mediterranean vegetation at scales of 100 to 10,000 m2. Plant species are
grouped into functional types and a generic model is applied to each by varying key inputs, as in gap
models. Functional types are differentiated according to their adaptations for coping with drought, low
light intensities and temperature extremes by considering life history, structural and functional
adaptations. In MEDRUSH, emphasis has been placed on evergreen sclerophyllous shrub vegetation,
such as Quercus coccifera and Pistacia lentiscus, although the model is also able to simulate the
following functional types: annual grasses, perennial grasses, deciduous shrubs, deciduous trees, and
conifers.
Within MEDRUSH, leaf and canopy C 0 2 and H20 exchange are simulated at hourly intervals
throughout the day, with diurnal changes in climate inferred from monthly means using typical patterns
of variation i.e. a statistical weather generator for hourly values constrained to have the same means as
the monthly weather records. Solar radiation is divided between photosynthetically active (PAR) and
near-infrared (NIR) wavebands, and beam and diffuse components, based on solar geometry. Modelling
of leaf photosynthesis is highly mechanistic: steady-state photosynthesis is modelled via Rubisco kinetics
and mitochondrial respiration, and is coupled to PAR intensity, stomatal conductance, partial pressure of
C 0 2 in sub-stomatal air spaces, leaf temperature and leaf nitrogen content. Carbon loss through
respiration is divided between maintenance and growth processes. Biomass is partitioned to leaves,
stems, and roots in fixed portions, which vary according to phenology for each functional type. Litter
production occurs at fixed rates which also vary with phenology. Model predictions are ‘potential’
estimates, since nutrient limitation and disturbance by fire, herbivory and exploitation by humans are
not considered. Also, the model (as with all biogeochemical models) is not able to simulate the species
assemblage within sites, and their dynamics. Thus, incorporating the advanced mechanistic formulations
of biogeochemical models such as MEDRUSH, within ASTROMOD, would improve the realism of the
simulations while retaining the advantages of vegetation dynamics simulation.
A technique for explicitly integrating the range of organisational, spatial and temporal scales of
highly mechanistic models which could potentially be used to make predictions of, for example, climate
change on species composition within nature reserves, is difficult to identify in current models. This is
why the Hierarchical Patch Dynamics paradigm was proposed as the theoretical backbone to the
development of ASTROMOD. The use of asynchronous coupling in some recent models is another
example of model structuring which may facilitate scale integration (Sausen & Voss, 1996; Claussen,
1998; Dubois & Yiou, 1999). Asynchronous coupling requires each component model to be integrated to
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its equilibrium before being coupled to the other component (Liu et al., 1999). This technique has been
successfully used in coupling ocean-atmosphere general circulation models (Sausen & Voss, 1996;
Dubois & Yiou, 1999) and biome-atmosphere general circulation models (Claussen, 1998; Foley et a l,
1998). The usefulness of asynchronous coupling is the ability for a feedback system to be incorporated
within the modelling, where vegetation is able to influence the climate. This technique has been used to
model systems on regional to global scales where the incorporation of vegetation-climate feedback is
fundamental to realistic simulation. Considering the size of the Astroni crater, 245 hectares,
incorporating vegetation-climate feedback will not significantly improve the realism of the simulations.
On the other hand, the Hierarchical Patch Dynamics paradigm is still the most satisfactory theoretical
framework for modelling ecosystem dynamics at such a scale. Luan et al (1996) have incorporated a
hierarchical approach to modelling forest ecosystems which is possibly the clearest example of the
advantages of a hierarchical approach to vegetation dynamics modelling, while incorporating the
mechanistic improvements described above. The model developed by Luan et al (1996), FORDYN, is
designed to scale up biochemical and physiological data to make predictions about forest growth and
development over periods of many years. There are four hierarchical levels within the model, where
results from a low level provide an input to the next higher level (scaling up by integration, whether by
summing or by multiplication), while results from a high level can feed back to the lower level, by
setting a constraint. Level 1 represents a set of individual trees within the ecosystem, and works much
like a classic gap model by simulating the establishment, growth and mortality of individual trees. Level
2 models the daily allocation of biomass to above- and below-ground parts of each tree, which is
determined according to the Thomley transport-resistance method. Level 3 begins to integrate the
mechanistic formulae of biogeochemical models, including hourly calculations of photosynthesis,
respiration and the transpiration rate calculated from a form of the Penman-Monteith equation. Level 4
incorporates the Farquhar model of C-3 photosynthesis (Farquhar et al. 1980), which provides the basis
for simulating the impacts of temperature and C 0 2 on the ecosystem. An important feature of this model
is that the user can decide which of the four organisational levels are to be used in the simulation.
Thus, FORDYN bridges the gap between biogeochemical models and gap models, enabling the
incorporation of processes that function at different spatial and temporal scales using a range of
mechanistic formulations. FORDYN also fully satisfies the theoretical postulations of the Hierarchical
Patch Dynamics paradigm and could potentially be used to incorporate vegetation-climate feedback
systems at regional/global scales by adding a regional/global level. This approach also incorporates
simple routines of asynchronous coupling within the vegetation modelling ( ‘constraint’ setting at higher
levels), which could be extended as more is known about feedback systems within plants. By adopting
this approach, future developments of ASTROMOD will help to resolve the current problems of
algorithm justification such as the light and temperature response functions, which, although an
improvement on previous gap modelling, lack clear explanations - a problem that has not arisen just
from ASTROMOD, but is inherent in most gap model formulations to date.
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Another improvement to mechanistic formulations within ASTROMOD is the explicit
simulation of species’ growing season. This is especially significant for deciduous species, where the
absence of leaves precludes them from photosynthesising even though air temperatures and/or soil water
may be adequate to sustain the process.

Kramer and Mohren (1996) developed a gap model for

temperate deciduous tree species which simulates the timing of leaf unfolding and abscission as a
function of temperature. The date of bud burst was modelled by requiring specific chilling and forcing
temperatures to work sequentially to release dormancy. Cumming and Burton (1996) also modelled leaf
unfolding and abscission incorporating a chilling requirement, but introduced a species-specific
temperature threshold to initiate physiological activity in spring and a species-specific supra-threshold
heat sum to initiate bud-break. These methods also allow a more explicit simulation of frost damage.
Sakai and Wesier (1973) found that species-specific frost hardiness linearly declines to -2°C between the
end of dormancy and bud-break. This is incorporated by Cumming and Burton (1996) to severely reduce
annual growth if frost occurs in this period, which is then reduced further if post bud-burst frosts occur.
Starting half-way through the growing season of each species, a record is kept of the number of days
where mean temperature is between -5°C and +5°C. The ratio of days at this temperature to a spedesspecific chilling requirement determines the degree to which a tree resists frost damage. The end of the
growing season occurs when daily temperatures fall below the species-specific temperature threshold.
For some Mediterranean species, leaf fall is determined by summer drought, so a set of formulae could
be developed following the above procedures which would determine leaf fall and flushing determined
by the timing and duration of soil-moisture levels or plant evapotranspiration deficits.
The next most significant improvement to ASTROMOD would be a more explicit simulation of
below-ground biotic activity. The carbon/nitrogen cycling formulations used in ASTROMOD derived
from Pastor and Post (1985) are difficult to adapt to higher temporal resolutions and do not consider at
all the decomposing biota that control the processes. It is thus with some reservations that the Pastor and
Post (1985) formulae, derived from temperate ecosystems, were adopted for simulating nitrogen/carbon
cycling for a Mediterranean ecosystem. Chertov and Komarov (1997) have developed one of the first
models of organic matter mineralisation, humification and nitrogen release that realistically simulate the
functioning of the main groups of soil decomposers. Soil microfauna and micro-organisms not only
release nutrients for plant growth but also determine to a large extent the physical properties of the soils
in which the plants grow. For example, Lumbricidae earthworms build gallery networks of up to 8900
km ha'1, with an internal surface of up to 12 ha ha'1 (Lavelle et al, 1995). This reworking of the soil
significantly impacts on aeration and drainage. Different soil species contribute in different ways to
nutrient cycling and soil structure, and thus could be grouped into functional groups such as lumbricid
worms, mandibulate arthropods, fungi, de-nitrifying bacteria and nitrogen fixing bacteria. These
functional groups could be modelled in similar ways to the vegetation dynamics modelling, with a single
set of equations describing carbon and nitrogen turn-over and functional group specific parameters
determining rates.
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6.6.2 Improving tests and comparisons with real-world data
The lack of algorithm validation and the use of empirical formulae, has been the classic
approach adopted by the majority of gap modellers. The justification for their model formulations being
that comparisons of simulation results with actual ecosystems show significant similarities. This strategy
was used for testing ASTROMOD, and indeed, there were significant similarities between simulation
results and actual ecosystems. Although this testing strategy may be superficially satisfactory, there is a
need to collect a range of ecological and environmental data sets at different spatial and temporal scales
that could increase the use of mechanistic algorithms. A benefit of ASTROMOD development is that key
elements which determine ecosystem functioning may have been identified, allowing the establishment
of an appropriate field research strategy. Practical examples would be to monitor solar radiation, air
temperatures, evapotranspiration deficit, soil water content and nutrient cycling, and how these
influence tree species distribution, establishment, growth, competition and mortality. The research
strategy would also involve the establishment of an appropriate sampling procedure. For example,
species response to drought and soil water saturation is very complex, with various organs being affected
throughout the plant, and both air and soil water concentrations playing a role. Considerable research
has been carried out on species reaction to water concentrations. Unfortunately, there is a very high
diversity in the type of sampling, from xylem embolism measurements, to stomatal closure rates, to
water potential measurements of different plant organs. It is difficult for a modeller to identify the
relevance of these disparate sampling techniques on plant growth. Thus, the most appropriate sampling
technique must be identified.
A key factor necessary for improving the reliability of both the environmental and vegetation
dynamics modelling is the availability of long-term monitoring data for comparison with the simulated
results, Botkin (1993) compared a JABOWA simulation with actual tree allometric data from the
Hubbard Brook Experimental Forest. Every tree was identified and its DBH measured in 208 10 m by 10
m plots in 1965, 1977, 1982 and 1987. A JABOWA simulation was carried out starting with the 1965
tree measurements, replicating each plots’ environmental conditions (including meteorological
variations) over the 1965-87 period. The only significant unknown parameter was soil available nitrogen
concentration. When 63 kg ha"1 to 64 kg ha"1 available nitrogen were used in the simulation, modelled
and observed total biomass for all plots differed by an average value of only 0.9 %.
Thus a primary objective for improving ASTROMOD simulations would be to establish a
monitoring strategy within the Astroni crater. This should be an extension of the above example by
incorporating different spatial and temporal scales. The following is an example of a monitoring strategy
that could be applied to the Astroni crater. Plots would be composed of a core 625 m2 area and a 5625
m2 peripheral area. The core area would have a data logger linked to several sensors that would measure
solar radiation above the canopy, air temperature above the canopy and at ground level, wind speed and
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direction, and soil humidity at 25 cm depth intervals to a depth of 2 metres. The measurements would be
carried out at hourly intervals. In the 5625 m 2 area incorporating the core area, measurements of the
position, species, DBH and height of every single plant individual above a DBH of 2 cm would be taken.
These measurements would take place every spring. Ideally, measurements of species physiology, such
as photosynthetic rates, for comparison between sites should be taken, although the actual techniques
have not been identified. Assessment of soil fertility would be the major difficulty. Ion exchange resin
bags could be placed within the core area over the year at monthly intervals. This would at least provide
an indication of soil nutrient status. Biomass turnover could be estimated with leaf litter capture nets and
observation of decay rates of woody material.
These data could then be combined with remotely sensed images across several spectral
wavelengths which could provide detailed distribution maps of vegetation type, phenology and surface
humidity concentrations. For example, the near infra-red band 7 of Landsat MSS is known to be
sensitive to variations in vegetation performance and ground wetness (Lavers & Haines-Young, 1993).
The collection of environmental data at such high spatial and temporal resolutions would provide data
for a more realistic simulation of environmental heterogeneity within the Astroni crater. Most
significantly, the variation and duration of summer droughts and low winter temperatures, and how
these affect species dynamics, especially at the ecotonal boundary between the Mediterranean evergreen
and temperate deciduous communities.
The extraction of higher concentrations of pollen from the lake sediments could also be
attempted. Together with diatom analysis, this could reconstruct historical, environmental and
vegetation change within the crater. This would provide data for comparison with historical modelling
of the Astroni crater ecosystems. Together with carbon dating, one could identify the scale and duration
of disturbance events, and the timing of establishment of the various vegetation communities.
6.6,3 Other improvements
Future developments of ASTROMD will also concentrate on the modelling of contagion. This
was not possible in the present study because of limitations in the computing capacity. The
computational set-backs are considered to be temporary: computers are becoming faster and have larger
memories, and these improvements are occurring

at an exponential rate. All the simulations were

carried out on two computers acquired in 1996, and if the same simulations were carried out on
computers available today (1999) within the same price bracket, the speed of calculation would be
increased by a factor of ten. It is therefore envisaged that within the next decade computing limitations
for modelling ecological systems will become irrelevant. Modelling contagion would involve several
functions, including hydrology, air mass movement, plant dispersal and disturbance (including pest
outbreaks, fires and landslides). For example, MacMillan et al. (1993) developed a topographically
controlled hydrological model, specifically dealing with water flows across landscape depressions. Their
model was combined with field measurements of soil hydraulic conductivity, moisture content, moisture
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tension, density and porosity, to provide a reliable estimation of soil water regimes through the study
catchment.
A final aspect to be considered for improving ASTROMOD simulations would be more realistic
modelling of the sub-canopy layer, and the incorporation of shrub communities, such as low macchia
and garrigue. In gap modelling, gap size is fixed and therefore small scale light fluctuations cannot be
modelled. Improvements in this feld could be achieved by having a nested hierarchy of gap sizes: 4 m2
for the herbaceous layer; 25 m2 for the shrub layer; and 625 m 2 for the tree layer. One would use exactly
the same growth and environmental algorithms for each layer, with the achievement of a certain plant
size allowing shrub and tree species from the herbaceous into the shrub layer, and tree species from the
shrub into the tree layer. This method would allow the positioning of tree individuals to be known at a
resolution of 4 m2, and therefore a significantly more realistic simulation of the heterogeneous
distribution of light intensities and nutrient concentrations.

6.7 Extending ASTROMOD’s capabilities
6.7.1 ASTROMOD and environmental change
Change is an omnipresent aspect of the environment, so that the practical problem of predicting
how the Astroni crater's ecosystems might respond in the future to large-scale human or naturally
generated changes, is a major challenge for the reserve's managers. ASTROMOD could play a
significant role in evaluating the effects of environmental change within the crater. It is planned to
further develop ASTROMOD, so that a series of scenarios could be analysed, such as the effects of
climate change and anthropogenic disturbance. This will be carried out by programming either a regular
or random event that will gradually or suddenly increase the species specific mortality, and will change
the environmental conditions, which will in turn affect growth, regeneration and mortality. Each species
will be affected in a different way depending on its adaptations.
Of primary importance is the rate of conversion of agricultural land to urban use (principally
roads and housing) on the outer slopes of the Astroni crater. This may have a significant effect on the
aquifer hydrology underlying the crater by impermeabilising the soil surface, and thus preventing the
replenishment of the aquifer. Simulations can be carried out to show the effects of a gradual lowering of
the water table on the vegetation ecology of the crater. CANOCO analysis of the survey and simulated
data has shown that hydrology may be the most important factor in determining the distribution of
deciduous and evergreen vegetation within the crater. ASTROMOD could identify the minimum water
table change that would result in the replacement of the deciduous vegetation by the evergreen
vegetation. Since urban development on the outer slopes of the crater is illegal, the resulting information
may aid the reserve managers in pressuring the local authorities to enforce the law which prevents
building on nature reserve buffer zones.

214

Bugmann and Fischlin (1994) applied the gap model FORCLIM to site specific downscales of
global circulation models predictions of climate change as a result of increases in atmospheric C 0 2
concentrations (Cubasch et al., 1992; Gyalistras et al., 1994). A similar link could be carried out
between ASTROMOD and predictions of climate change within the Mediterranean. Other links to
environmental models could include models predicting gale force winds. For example, MEDEX
(MEDiterranean EXpert system) is a software package which uses artificial intelligence technology to
predict the onset, continuation and cessation of specific gale-force wind events (wind speeds greater than
34 knots or 17 m s'1) throughout various regions bordering the Mediterranean Sea (Kuciauskas et al.,
1998). MEDEX uses expert system methods to represent the expertise of a meteorologist/forecaster with
25 years of experience in the Mediterranean, and fuzzy set methods to deal with the uncertainty and
imprecision inherent in the expression of this type of knowledge. Linking MEDEX to ASTROMOD
would allow the simulation of the impact of gale force winds on tree windthrow within the Astroni
crater.

6.7.2 ASTROMOD and management strategy
Vegetation within the Astroni crater is in a state of transition, with native species re
establishing themselves within the plantations. For example, the simulation of non-intervention showed
that the Ostrya carpinifolia plantation would gradually become supplanted by Quercus ilex. At present,
ASTROMOD predictions are not sufficiently reliable to recommend specific management actions. As
the modelling improvements are put in place, it is envisaged that ASTROMOD could simulate the
effects on vegetation distribution and composition of various management strategies. These may include
the logging of Quercus ilex to favour deciduous species, or the removal of all non-native species to
restore the native forest.
6.7.3 ASTROMOD and fire
Fire is the single most important immediate threat to natural communities within the Astroni
crater. In 1998, two fires were lit by arsonists from within the crater, and approximately 20 hectares
were burnt on the south-facing slopes of the crater. These fires were able to spread rapidly in areas that
had already been burnt in the past, and had thus developed a low-lying pyrophitic vegetation. The
resulting prolonged periods of soil surface exposure to rain and wind have significantly increased the
levels of erosion, with deep gullies and land-slides beginning to cut away at the crater's slopes. The
deposition of eroded material is also damaging vegetation below the unbumt areas. The ability to predict
fire occurrence and behaviour within the Astroni crater would significantly improve the management’s
ability to prevent catastrophic wildfires.
The key parameter in all fire prediction models is vegetation. A realistic three-dimensional
description of vegetation is essential for accurate simulation of fire behaviour (Perry, 1998). Attempts
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have been made to use satellite imagery for deriving vegetation data (Shasby et al., 1981; Williamson,
1988; Miller et al., 1986), but the considerable vertical and horizontal microscale variation in the
distribution of fuel, casts doubts on the reliability of satellite imagery as a result of their low resolution
and two-dimensional nature (Davis et al, 1989). Instead, the linkage of high-resolution models of
vegetation dynamics and environmental conditions with a model of fire behaviour seems to be the only
realistic technique for fire regime simulations. Thus, by combining ASTROMOD's capacity to generate
detailed vegetation and environmental data with a model of fire behaviour, it would be possible to
realistically simulate fire spread patterns and the effects this would have on the vegetation.
A search was carried out for an appropriate fire model for integration within ASTROMOD.
Most fire models were excluded since they neglected spatial variations in physical and biological
conditions, and interactions between landscape heterogeneity and fire behaviour (Turner & Romme,
1990). Recent work has shown that these spatial factors have a significant effect on fire behaviour
(Turner et al., 1989). Since there are many spatial variables that influence fire regime, attempts have
been made to link fire models with spatial data stored in GIS (Perry, 1998). For example, Chuvieco and
Congalton (1989) incorporated the following information into a GIS: vegetation data (derived from
Thematic Mapper satellite imagery); slope; aspect; elevation; and road maps. This information was used
to classify areas in terms of fire hazard on the Mediterranean coast of Spain. The resulting classification
was found to be a good predictor of the probability of an area burning, but could not predict fire
behaviour i.e. the extent of bums and their intensities. GIS has also been used for fire regime analysis.
Davis and Burrows (1994) used a GIS-based fire model to simulate the spatial patterns of fire regimes in
Mediterranean climate landscapes. One of the most recent GIS-based developments of fire behaviour
models is FARSITE (Fire Area Simulator), a model which spatially and temporally simulates the spread
and behaviour of fires under conditions of heterogeneous terrain, fuels, and weather (Finney, 1997).
FARSITE enables the user to examine the effects of ignition locations, weather patterns, fuel distribution
and type on the spread of fire, and experiment with different crew in fire fighting operations. The GIS
raster data required to run simulations within FARSITE include elevation, aspect, slope, fuel type,
canopy cover, crown height, crown bulk density, temperature, humidity, precipitation, and wind
characteristics. Except wind characteristics, all the raster data is already generated within ASTROMOD,
and it would be a straightforward step to link the two models together. Wind characteristics could be
modelled by integrating the MEDEX model described in Section 6.7.1.
Combining ASTROMOD / FARSITE / MEDEX simulations would help identify the sites that
are most vulnerable to fire, the weather conditions that are most favourable for promoting fires, and the
rate of recovery of different vegetation types within the crater to fire damage. This would help optimise
fire monitoring activities (both temporal and spatial), the distribution of fire breaks, and the equipment /
manpower requirements for wildfire control. An exploration of whether a prescribed fire regime would
reduce the incidence of catastrophic wildfires and benefit the natural ecosystem could also be carried out.
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6.7.4 ASTROMOD and fauna conservation
The detailed output of gap models allows statistical averaging of patch characteristics to provide
descriptions not only of forest landscapes, but also of physiognomic factors that influence the
distributions of animal species. Thus, by stratifying the replicate simulations in a manner resembling the
pattern of a landscape, and interpreting the results as stratified plot survey data, predictions can be made
of animal habitat availability. An example of this treatment is the FORHAB simulation of Smith et al.
(1981), in which forest inventory quadrats were placed within the gap model as initial conditions and
future bird habitat changes were predicted. ASTROMOD could serve a similar role by extrapolating the
effects of changes in vegetation to animal populations within the crater. This would help answer one of
the most important concerns of the present reserve management: is the appropriate habitat available
within the Astroni crater to maintain the high avifauna diversity?
In the present situation it seems that the managers are left with relying on the remaining, and
currently protected habitat within the crater, and have no alternative measures to assist a potential loss
in diversity (e.g. restoration of habitat outside the reserve). The problem of habitat availability and
suitability has often been put forward to explain insular impoverishment (Lack, 1976). Johnson (1975),
for example, found that, on isolated mountain tops in the Great Basin of the Sierra Nevada and the
Rockies, the best correlation with bird species numbers is not area per se but an index of habitat
diversity.
The current policy of non-intervention will certainly result in significant changes to both the
composition and structure of the vegetation within the crater. ASTROMOD predictions of vegetation
change over the next 100 years have indicated that some vegetation communities will be outcompeted.
For example, the Ostrya carpinifolia plantation may be gradually replaced by Quercus ilex dominated
woodland. ASTROMOD has also shown that the structure of the woodland may change, with a gradual
transition to high forest dominated by trees of significant stature. How will these changes affect fauna
populations within the crater?
ASTROMOD provides all the necessary habitat and environmental variables for a realistic
study of fauna population change within the Astroni crater. For example, forest birds have been shown
to select a breeding habitat on the basis of vegetation structure and climatic variables (Robinson &
Holmes, 1982; Smith & Shugart, 1987; Schonewald-Cox & Buechner, 1991). Bellamy et a l (1998)
carried out a simulation study of the influence of habitat, landscape structure and climate on the local
distribution patterns of Sitta europaea (a sedentary species of the Astroni crater). The simulation study
made use of the following variables: January mean minimum temperature, July mean maximum
temperature, mean annual precipitation, mean frost days per year, woodland distribution, and a
classification of habitat suitability by identifying tree species and assigning them into DBH size classes.
All this data can be readily extrapolated from ASTROMOD. A database of animal species habitat and
environmental requirements similar to that constructed for the Sitta europaea simulation would allow
ASTROMOD to expand its predictive ability to the animal species within the Astroni crater. Thus one
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could couple the vegetation outputs with minimum viable population analyses of prey species such as
Clethrionomys glareolus, Pitymys duodecimcostatus, and Microtus arvalis, or to see if reintroduction of
wild boar and deer are realistic possibilities.
An important factor affecting the occurrence of species, especially large ones, is not only
availability of habitats but also the size of continuous habitats. Species with large territories or home
ranges will be precluded from colonising islands which have only small patches of suitable habitat,
because they would be too vulnerable to stochastic extinction (Moore & Hooper, 1975; Diamond, 1976;
Galli et al., 1976; Blondel, 1980; Soul6 & Wilcox, 1980). This is especially relevant for large species
because, for the same number of individuals, a population of a large bird needs a larger area than a
population of a small bird (Blondel, 1985). Some species found within Astroni, such as Egretta garzetta,
Ardea cinera and Asio otus could fall within this category. Even small species, such as Pyrrhula
pyrrhula, have very low population densities and therefore need large blocks of homogeneous habitat to
build up viable populations (Blondel, 1985). For these larger species, ASTROMOD would require links
to larger landscape models. However, for smaller animal species, especially insects, simulation of habitat
fragmentation within the Astroni crater may be significant in determining their chances of survival
within the crater. The high spatial resolution of ASTROMOD could therefore readily provide an
analysis of habitat and population viability for animals species.
6.7.5 ASTROMOD and remote sensing
Remote sensing may be broadly defined as the collection of information about an object without
being in physical contact with the object (Lillesand & Kiefer, 1979). Aircraft and satellites are the
common platforms from which remote sensing observations are made. Remote imagery provides a new
tool for monitoring and understanding changes in many ecological systems at a range of spatial scales,
and is providing a continuity of observation that was not even possible a few years ago (Kemp, 1993).
The ability to repeatedly collect large amounts of reliable data at high resolution (25 m2 with the SPOT
satellite) makes remote sensing a powerful data acquisition tool for integration into a DSS for nature
reserve management (Sabins, 1978). Remotely sensed images could be used within ASTROMOD for
incorporating baseline data, such as vegetation distribution or topography, for validating modelled
results, and for monitoring environmental / vegetation change for comparison with predicted change. A
major problem with the use of remote sensing data is cost. A way around the cost problem is being
investigated in collaboration with Dr Jay Mistry, Royal Holloway, University of London, where digital
images are collected by a tethered video camera suspended from a helium filled blimp. Combined with
spectral filters and digital image processing, remote sensing data could be generated at a fraction of the
costs.
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6.7.6 ASTROMOD and expert systems
An expert system is a computer program that contains a knowledge base of scientific expertise
(Noble, 1987). A set of algorithms or rules are then programmed to infer new facts or solve problems
from this knowledge and from incoming data. The degree of problem solving is based on the quality of
the data and rules obtained from the decision makers. The assumption is that enough expertise is
incorporated within the knowledge base that the system will perform well above that of an individual
manager. The expert system derives its answers by running the knowledge base through an inference
engine, a software program that interacts with the user and processes the results from the rules and data
in the knowledge base. Expert systems have been used for supporting decision making in rangeland
management (Ludwig, 1991; Stafford-Smith & Foran, 1991) and in wildfire management (Davies et al,
1986; Pivello & Norton, 1996), but to date there have been no significant expert systems solely dedicated
to nature reserve management. An expert system could be used, for example, to recommend specific
management actions when certain vegetation change scenarios are predicted.
6.7.7 ASTROMOD and the World Wide Web
The World Wide Web (WWW) may become the single most important factor in determining
the development of DSS for nature reserve management. Its accessibility, powerful search engines and
ability to transfer vast amounts of data means that it will soon be possible to develop a DSS and
implement the resulting management strategy without having to leave your office desk. Through the
WWW, one could download remotely sensed images of the reserve for creating the baseline data, find
the appropriate algorithms and parameters for environmental / ecological modelling, send the resulting
models for calculations to super-computers, and communicate the results to the relevant authorities. A
practical example of the use of the WWW is the ability to freely download FARSITE and MEDEX.
Thus, a linkage between ASTROMOD and the latter could easily become the next development towards
a Decision Support System for the Astroni nature reserve.
A major hindrance in the accumulation of ecosystem management knowledge is that
management experience is rarely quantified, documented and disseminated. Management techniques are
constantly being developed and refined and there is a need to share this information between sites
(Hirons et a l, 1995). The advantage of a computer based DSS is the ability for almost instantaneous
transferral via the WWW. The final improvement that could be implemented for ASTROMOD would be
to run the whole software package on the WWW. All the advantages of Microsoft Excel for the
development of a DSS for nature reserve management, will soon become available within Web
publishing software. For example, Visual Basic programming could be replaced by the JAVA
programming language. It is therefore envisaged that experts on DSS for nature reserve management
would be contracted to develop and validate the DSS software, this software would then be published on
the WWW, where the user would have access to the software from any computer that is connected to the
Internet.
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The World Wide Web could also significantly aid in the derivation of parameters. To date the
majority of development has occurred through the extraction of information from published material.
Unfortunately, peer-review publications typically do not contain the unreduced data necessary for new
analysis and development of model parameters and algorithms (Bowser, 1986). There is now an
increasing demand for detailed multi-disciplinary data and the World Wide Web has had a fundamental
impact in this field. Several ecological databases have been published on the WWW in the last few
years, most notably the Niwot Ridge Long-Term Ecological Research information management system
which provided detailed survey data of North American tundra ecology (Ingersoll et al., 1997).
Developments of World Wide Web based databases, such as ECOFLORA, should be made a priority for
researchers in ecology.

6.8 Conclusion
Progress in ecosystem management depends upon the evaluation, diffusion and adaptation of
innovative modelling techniques to help us understand the implications of the assumptions we make
about ecosystems and the effects of our actions on them. This research has developed complex
environmental and ecological models within a cost-effective, user-friendly data handling and
visualisation system on an IBM-compatible personal computer. The model development was based upon
a sound theoretical foundation, incorporating the hierarchy patch-dynamics paradigm to focus the
attention on the essential ecological mechanisms at work through space and time.
A gap model, combined with models of environmental determinants, was developed to model
vegetation dynamics. Gap models have, for the first time in the history of ecology, tried to quantify the
responses of a range of plant species to the most important environmental determinants that characterise
their establishment, growth and survival. Simulation tests show that there were acceptable similarities
between the simulations and actual ecosystems, especially in the distribution of tree species. Although
improvements must be made before practical applications of the model are made, it has been shown that
there is no need to use super-computers such as UNIX work-stations, technical programming languages
such as FORTRAN, or expensive and complex software, such as ARC-INFO, to develop modelling
systems for nature reserve management. With improvements in parameter estimations and mechanistic
modelling algorithms, it is now possible to develop realistic, user-friendly, low cost decision support
systems for nature reserve management
A benefit of the development of ASTROMOD for nature reserve management is that it will
ensure a continuity in management practices as the role of manager is passed between people.
ASTROMOD will ensure that managers think out the consequences of their actions before taking
measures which may possibly prove to be detrimental in the long-term. No single management system
can work for all sites given the variability that both ecological constraints and socio-economic pressures
exert across a landscape. ASTROMOD is able to adapt to the specific requirements of each individual
site and to evolve as more is known about both the site and the science that governs it. The evolutionary
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capacity of a predictive tool for ecosystem management is of primary importance. ASTROMOD is
explicit about what to expect, so that methods could be designed for measurements in the field to
monitor the tool’s predictive ability. This will allow a direct comparison between expectations and
actuality, with errors corrected and an improvement in the subsequent actions or plans.
Management intervention is more effective if it closely meets with biotic phenomena. Thus, the
units of modelling within ASTROMOD closely approach the units of biotic organisation. However,
ecological processes governing an ecosystem are only one aspect of the factors that have to be considered
for management. Other important factors include socio-economics and politics. ASTROMOD has the
ability to integrate diverse disciplines, and together with its quantifiable ecological data, could become a
powerful tool for economic and political decision making, especially when it concerns projections of
future change
In conclusion, it is very well for conservationists to promote a modem holistic approach to
nature reserve management (e.g. Grumbine, 1994). However, the great frustration is the absence of a
tool tv framework for implementing this approach. All that is on offer are simplistic plans that are only
suitable for the most basic and predictable ecological systems, mostly catering for anthropogenic
com m unities of temperate regions. In the majority of cases, ecosystems are far too diverse, complex and

dynamic for a single or a group of managers to understand completely and objectively, and in many
cases simplifications of these systems are not realistic enough to allow for accurate predictions (e.g.
Wood, 1983). As usual, technological tools for nature reserve management have greatly lagged behind
other land-use sectors such as forestry and pasture range management. In developing ASTROMOD, the
foundations have been established for such a tool.
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A ppendix I: Key to Species Abbreviations
Abbreviation

Full name

Acer cam

Acer campestre

Adia cap

Adiantum capillus-veneris

Aila alt

Ailanthus altissima

Alii pet

Alliaria petiolata

Alii sp.

Allium sp.

Anag arv

Anagallis arvensis

Anth syl

Anthriscus sylvestris

Arbu une

Arbutus unedo

Arum ita

Arum italicus

Aspa acu

Asparagus acutifolius

Asph alb

Asphodelus albus

Aspl sp.

Asplenium sp.

Brom sp.

Bromus sp.

Brya spp

Bryales spp.

Bryo alb

Bryonia alba

Caly inf

Calycotome infesta

Care pen

Carex pendula

Carp bet

Carpinus betulus

Cast sat

Castanea sativa

Cent sp.

Centaurea sp.

Chel maj

Chelidonium majus

Clem vit

Clematis vitalba

Colu arb

Colutea arborescens

Coro spp

Coronilla spp.

Cory ave

Corylus avellana

Crat man

Crataegus monogyna

Cruc

Cruciferae sp.

Cycl hed

Cyclamen hederifolium

Cycl rep

Cyclamen repandrum

Cyst arb

Cystus arborescens

Cyst sal

Cystus salvifolius

Cyst vil

Cystus villosa

Elym sp.

Elymus sp.
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Equi arv

Equisetum arvense

Eric arb

Erica arborea

Euon eur

Euonymus europaeus

Euph sp.

Euphorbia sp.

Fern com

Ferula communis

Ficu car

Ficus carica

Foen vul

Foeniculum vulgare

F ra xo m

Fraxinus om us

Gala tom

Galactitis tomentosa

Gali sp.

Galium sp.

Gera mol

Geranium molle

Gine spp

Genista spp.

Gram spl

Gram, sp.l

Gram sp2

Gram, sp.2

Hede hel

Hedera helix

Hole sp.

Holcus sp.

Iris sp.

Iris sp.

Lami alb

Lamium album

Ligu vul

Ligustrum vulgare

Loni sp.

Lonicera sp.

Lupi sp.

Lupinus sp.

Malu syl

Malus sylvestris

Merc arm

Mercurialis annua

Mesp ger

Mespilus germanica

Mili e ff

Milium effusum

Myrt com

Myrtus communis

Onob sp.

Onobrychis sp.

Ostr car

Ostrya carpinifolia

Pisu sat

Pisum sativum

Plan lan

Plantago lanceolata

Popu tre

Populus tremula

Prun avi

Prunus avium

Psor bit

Psoralea bituminosa

Pter aqu

Pteridium aquilinum

Quer coc

Quercus coccifera

Quer ile

Quercus ilex

Quer pet

Quercus petraea
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Quer pub

Quercus pubescens

Quer rob

Quercus robur

Quer rub

Quercus rubra

Ranu spl

Ranunculus sp.l

Ranu sp l

Ranunculus sp.2

Raph ra

Raphanus raphanistrum

Robi pse

Robinia pseudoacacia

Rubi per

Rubia peregrina

Rubu fru

Rubus fruticosus

Rume san

Rumex sanguineus

Ruse acu

Ruscus aculeatus

Samb nigr

Sambucus nigra

Sela den

Selaginella denticulata

Sile vul

Silene vulgaris

Smil asp

Smilax aspera

Sola nig

Solanum nigrum

Sorb dom

Sorbus domestica

Sparjun

Spartium junceum

Stac ger

Stachys germanica

Stel als

Stellaria alsine

Tamu com

Tamus communis

Tara sp.

Taraxacum sp.

Ulmu min

Ulmus minor

Urti dio

Urtica dioica

Vine min

Vinca minor

Viol riv

Viola riviniana
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A ppendix II: Parameter Key
Species-specific parameters

AmaXi

= potential m ax im u m age th at an individual o f species i are able to reach;

Brow,

= tolerance o f brow sing by species i (1 to 3, w here 1 = tolerant);

C,

= a con stan t th a t determ ines th e least w eight to tree d iam eter ratio o f species i;

SDmax,

= m axim um observed diam eter in crem en t of species i.

DEGDmaxi

= m axim um yearly grow ing degree-days tolerated by species i.

DrnaXi

= m axim um diam eter at breast h eig h t o f species i;

Dr'/)

= d ro u g h t tolerance o f species i;

EDmaXj

= m axim um evapotranspiratio n deficit tolerable by species i.

FR Ttc ,

= average foliage retention tim e o f species i (years),

G,

= grow th rate param eter of species i (cm y r'1);

H m aXj

= m axim um tree h eig h t o f species i (m);

IA cid,

- soil p H preference o f species i (1 to 5, w here 1 = acid).

IAmpI,

= con linen tality index o f species i (1 = continental, to 5 = oceanic);

IDispi

= tolerance to soil anoxia o f species i (1 to 5, w here 1 = high);

IDri,

= d rought tolerance o f species i (1 to 5, w here 1 = h ig h );

/F ra ,

= frost resistance in spring o f species i (1 to 5, w here 1 = high);

/Light,

= shade tolerance index o f species i (1 to 5, w here 1 = low);

IMst,

= soil m oisture preference o f species i (1 to 5, w here 1 = dry);

IN it,

= n itrate requirem ents o f species i (1 to 5, w here 1 = low);

l i e nip,

- tem perature index o f species i (1 to 5, w here 1 = cold);

IWint,

= frost resistan ce in w inter o f species i (1 to 5, w here 1 = high);

Ldl

= shade tolerance as adult trees o f species i (1 to 9, w here 1 = tolerant);

LQ,

= leaf litter quality group o f species i (1 = fast decaying , 3 = slow decaying);

Li

= lig h t requirem ent as sapling o f species i (fraction o f full sunlight);

Nhopt,

= available soil nitrogen for achieving h a lf optim al grow th rate of species i (kg h a '1);

Nm in,

= available soil nitrogen below w hich grow th is n o t possible o f species i (kg h a 1)

N toh

= nitrogen tolerance o f species i ( 1 to 3, w here 1 = tolerant);

OSN,

= m axim um num ber of saplings o f species i th at can be added (# m '2);

PARhsp,

= photosynthetically available rad iatio n level for achieving h a lf photosynthetic
saturation for species / ((im ol m 's '1)

P AR com pi

= photosynthetically available rad iatio n level below w hich photosynthesis is not
possible for species i (pm ol m ’s '1).
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R,

= the m axim um in trin sic n et assim ilation rate for species /;

Scrap,

= frequency o f good crop of species i (yr);

SG D elj

= ability to germ inate of species i (w here 1 = im m ediate, 2 = delayed until nex t
grow ing season an d 3 = long delay);

Sm inpi

= age to first seed production o f species i (yr);

SPrepi

= pre-reproductive percentage o f life-span of species i;

S.size,

= w eight o f 1000 seeds o f species i (g);

Tcor,,

= correction coefficient for tem p eratu re function of species i;

Top, ,

= optim al air tem perature for grow th (°C) o f species i.

Trange i

= p aram eter d eterm ining tem peratu re grow th ran g e o f species i;

WDen,

= wood density o f species i (kg m 3);

WiT,

= tolerance o f low w inter tem perature o f species i ( ‘N ’ denotes n o susceptibility to
low w inter tem perature);

Wres,

= w(xxl decay resistance o f species i (1 to 5, w here 1 = low);

WSmax,

= m axim um percentage soil air volum e saturation tolerable o f species /;

y,

- average o f the m axim um (D KG U m a x,) and m in im u m (D E G D m in ,) degree-day lim its
o f species i.

Parameters from the environmental model

= atm ospheric optical depth;
= e a rth ’s an g u lar velocity (7t/12 rad ia n s h ');
= exponent;
8

= solar declination (degrees);

8W I D /8H

= change in w ater table w ith h eig h t co n stan t ( 0 .138);

i//,

= aspect (degrees) a t site x.
= slope azim uth (degrees) a t site jc;

AI I\

= actual evapotranspiration (m m y r'1) a t site jc;

bx

= ratio o f b rig h t sunlight duration a t site x.
= constant (0.23);

C onv.

= W m '2 to p m o l m '2 s '1 conversion coefficient (4.6) (after M cC ree (1981);

(I

= day o f the year;

DPGDX

= grow ing degree-days at site x;

d m„„lh

= days in m onth.

I

= potential evapotranspiration at site x (m m m o n th 1);

x
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HSF

= exoatm ospheric solar flux (1368 W m '2);

/:

= actual evapotranspiration at site x (m m m o n th 1).

F-I

= the average diffuse irrad ian ce on a level surface a t th a t elevation (W m 2);

h

= grid size (25 m);

Hut,

= h eight above sea level w here D T is zero (14 m).

H i,

= heat index at site x ;

Hx

= height above sea level at site x (m ).

1Dij,,

= diffuse irradiance (W m 2);

I -,,,,

= d irect irrad ian ce at site x (W m '2);

I - ,,

= T otal solar radiation after filtering through clouds at site x (W m '2),

K

= coefficient, (15 m m m o n th _1);

L A I max

= m axim um leaf area index (4).

L,

= latitude at site Jt (degrees);
= w ater loss via ru n o ff and dow nw ard percolation a t site

Nx

= daylength for site x (hr).

nx

= daylength w ith clear sky for site

/ 7 //

= light incident above the canopy a t

F

= precipitation at site

so

= solar altitude (degrees);

SLA

= shading leaf w eight at site

SD X

= soil depth a t site

SR X

= short-w ave radiation ratio a t site

Sx

= slope at site x (% ).

v,

= slope a t site x (degrees);

jc

jc

jc (m m

m o n th 1).

(hr);

jc

site x (jjm ol m '1 s '1.);

(m m m onth ’);

jc

(kg);

(m );
jc

ag ain st an unobstructed flat surface;

= tim e from soiar noon (hr);
= average m onthly tem perature a t C ap o d ich in o base station (°C);
Flapse

= elevation lapse rate (-1°C 1 0 0 0 m '1);

I\

= m ontlily m ean air tem peratu re (°C ) at site Jt;
= upw ard capillary flux from w ater table to ro o t zone a t site Jt (m m m o n th 1);

V(JX

= degree o f sky obstruction at site jt (% ).
= actual soil w ater capillary storage (m m ) at site Jt;
= value o f soil w ater capillary storage w here actual evap o tran sp iratio n proceeds a t the
potential rate (m m ) at site

jc;

= m axim um soil w ater capillary storage (m m ) a t site

jc;

= percentage soil air volum e saturated w ith w ater (% ) at site
\VFl)x

= w ater table depth at site

jc

jc;

(m).

= am ount of w ater held in capillary storage in root zone (m m m o n th '1);
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Zj to

= grid poin t h eig h t above sea level values (m );
= elevation above sea level at C apodichino base station (72 m );

Z,

= elevation above sea level at site
:

jc

(m );

: . p = unitless param eters used in calculating slope an d aspect.

Vegetation dynamics model constants

A

= gap area (625 m 2).

AF

= conversion factor to determ ine org an ic dry m atter content (0.92 %).

Atm D Ny

= nitrogen deposited onto site

CM

= carbon to organic m atter ratio (0.48).

Conv

= factor to convert basal area to tw ig litter (0.0025 kg c m '2);

D ecay R a teL

= decom position ra te lor litter type L (% y r'1),

In iti

= initial nitrogen content o f litter type L (%);

k

= lig h t extinction coefficient (0.000167).

Leaching rate

= nitrogen leaching p aram eter (% y r'1),

M

= probability th at a 1 yr. old tree w ill reach the m axim um age (2 %);

N IF

= nitrogen im m obilisation param eter (0.005),

RSR

= root to shoot ratio (4.0).

jc

from th e atm o sp h ere (5 kg h a '1 y '1).

C alculated results

= random num ber betw een zero an d one;
8(D2H)

= change in tree volum e (cm 3);

8D/8t

= change in diam eter (cm 2);

AN,, y/At

= hum us nitrogen release (kg h a 1 y r'1) a t site

A O M hJ A \

= hum us organic m atter decay (kg h a 1 y r 1) a t site

A O M ,( J A t

= litter co h o rt’s organic m atter decay (kg h a '1 y r'1) at site

(Tv

= estim ate o f the standard deviation of grow ing degree days

A live tcx

= num ber o f trees alive in the cohort at site

ANX

= nitrogen available for p la n t grow th (kg h a '1 y ') a t site

ARM y

= age related probability of death for p la n t in dividual a t site

B A IX

= basal are a (m 2 m '2) o f species i a t site

B ix

= biom ass (kg m 2) o f species i at site

jc.

jc.
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jc;
jc;

jc;

jc;
jc;

CFWlcx

= cohort foliage w eight (kg) at site x;

D

= diam eter at breast height (cm );

Deadfc ,

= num ber o f trees dead in cohort at site x;

DEGDX

= grow ing degree-days at site x;

A c,

= cohort diam eter (cm ) at site x;

EDFX

= evapotranspiration deficit (drought) function (index from 0 to 1) at site x;

EDX

= E vapotranspiration deficit at site x;

Eix

= num ber o f seedlings o f species i added to site x;

EE[_q x

= foliage litter produced (kg h a '1 y r 1) at site x;

G RRX

= actual to optim al grow th rate ratio for p la n t individual a t site x ’

H

= tree h eig h t (cm );

LA

= leaf area o f tree (cm~);

LFX

= lig h t grow th function (index from 0 to 1) a t site x;

Eign,cx

= litter co h o rt’s lignin co n ten t (% ) a t site x;

med

= species biom ass m edian value (kg);

N inunobilisexI;JAt= nitrogen im mobilised by litter cohort’s decay (kg ha 1 yr'1) at site x;
N leachedk J A i

= nitrogen leached from litter co h o rt (kg h a ' yr' ) at site x;

N C lx

= nitrogen to carbon ratio o f all litter at site x;

NFX

= available soil nitrogen grow th d eterm in an t function (index from 0 to 1) for site x;

A c,

= litter co h o rt’s nitrogen conten t (kg h a ’) a t site x;

nL C x

= total num ber o f litter cohorts at site x;

N M R,CX

= litter co h o rt’s nitrogen to org an ic m atter ratio at site x.

N nx

= hum us nitrogen content (kg h a A a t site x.

OM h x

= hum us organic m atter content (kg h a r) at site x.

OMinitic x

= initial litter c o h o rt’s organic m atter co n ten t (kg) a t site x.

O M kx

= litter co h o rt’s organic m atter co n ten t (kg h a '1) at site x.

Pio

= species biom ass a t 10 % m ark in biom ass ran g e (kg);

Pm

= species biom ass a t 90 % m ark in biom ass ran g e (kg);

P ARX

= photosynthetically available rad iatio n (jomol m 'V 1) a t site x;

PS

= percentage sim ilarity coefficient (0 < P S > /) ;

Q

= index o f m odel convergence;

RLX

= root litter produced (kg h a '1 y r'1) a t site x;

SRM X

= stress related probability o f death for p la n t individual a t site x.

tc

= tree cohort;

t f Dx

= the effect lack o f dorm ancy h as on grow th (index from 0 to 1) at site x;

TFlx

= instantaneous tem perature effect on grow th (index from 0 to 1) at site x;

tf Lx

= factor w hich determ ines w hether leaves are p resen t or not;
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TF X

= tem perature function (index from 0 to 1) at site jc.

l'L x

= twig litter produced ( kg h a 1 y r'1) at site Jt;

Tree C hN um ber, = total num ber o f tree cohorts at site jt;
Tree Num ber,

, = N um ber o f trees, both dead and alive, in cohort at site x.

W

= leaf w eight (g).

W LX

= wood litter produced (kg h a '1 y r'1) at site x.

W SFX

= water saturation function (index from 0 to 1) at site jc;
= abundance value o f species i from the first d ata set;

v,

= abundance value o f species i from die second data set.
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