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GRASELAND MANAGEMENT - MODELS AS INTEGRATORS OF DIVERSE
LINES OF RESEARCH

1 INTRODUCTION

This report is based on & brief survey of models which have, or
could, be used in studies of qrassland.dynamics. The emphasis of
the report is on modelling the effects of management' on " the

structure and function of gr;gsland communities or ecosystems.

‘However, 1 shall not give detailed descriptions of individual

models, or attempt a rgview of grassland b;ﬁagement practices,
For an introduction to ﬁodelling methods see Jeffers (1982), and
for reviews of the management, 'soil and climatic factors which
iﬁf!uence changes in grasslands see Duffey et al (1974) and Miles

(1981).

1 shall restrict my discussion to 3 cbjectives :-

1) Providing a framework for relating and integrating
the many projects in Programmes I and 4, and for defining new
research objectives.

2) Identifying any models or modelling methodoligies
which could be used to integrate existing and future research
efforts.

3 Using existing models to highlight gaps in our
knowledge which could form the basis for additional research in

Programme 4.

2 & MODEL FRAMEWORK

We should not expect too much from & model that attempts to
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integrate diverse lines of research, The ndst effective model
for any particular purpose will depend not only on objectives of
the model, but also on the outlook of the people using it. End
users ( farmers or reserve managers) usually find empirical
models easiest to handle, applied scientists prefer mechanistic
models based on current ideas,. and pure research scientists
resort to more speculative mechanistic modelfrﬁjFran:e' 1and
Thornley 1984). No single. nbﬁel 7c§n satisfy :the ‘di f fuse
objectives of all 3 groups. Realistically, all we can hope to
find is a framework uithin which these different types of

approach can be co-ordinated and directed.

Slatyer (1977) presents a useful scheme of the relationship
between ecological research and management (Figure 1). Most of
the current projects in Programmes 3 and 4 can be fitted into the
peripheral compartments (labelled by #) of this model. 1ITE's
research encompasses both-tﬁe ﬂafa collection and management
input sides of the scheme but lacks any internal model through
which the information from these diverse projects can be
integrated. The question is - "Are there any existing models
that could be used to fill this gap, and if n;t, is it possible
to develop a new model to do so?". To answer this we must first
specify what the objectives of the model are to be or, as Slatver
(19746 puts  it: "we must formulate our management aims".
Secondly, we should examine the extent to which existing
grassland models may fill the gap.

Objectives. The objectives of Frogramme 4 are: to assess the

effect of wvarious management techniques (grazing, fertilizer,
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herbicides etc.), under a wide range of edaphic and clisatic
conditions, on the conservation, amenity and/or productive value
of grassland ecosystems. To this we must add the interests of
Programme 3 in the establishment and subSequent. successsional
changes - in, mainly, species-rich grassland communitiesr on

reciaimed land. GULP!

3 BGRASSLAND MODELS
The management objectives _determine the variables which are
included in grassland models, and have therefore had a great

influence on the kind of models that have been used in the past.

- Conservation has focused interest on the management of community

structure and composition, and in particular, on diversity and
rarity. Management for production has led to mﬁdels ot ecosystea
function which describe biomass uf energy' dynamiés. The
management objectives for amenity grasslands are varied and often
featwre a combination of criteria involving both conservation and
production interests. Finally, the management of succtessional
communities involves an understanding of ecosystem stability.
We may wish to speed up succession by promoting the instability
of the species x environment interactions which drive succession,
or create stable ecosystems by halting succession at a particular

point (ie & plagio-climax).

These 3 classes of objectives (for structure, function or
stability) help explain the types of model that have been used
predominantly for each type of study. Management for production

has led to the use of dynamic models of ecosystem function
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incorporating systems of inter-related sub-systems. Managemant
for conservation (diversity models) has led to descriptive
models, sometimes based on regressions, multi-variate approaches,
or graphical representations., Finally, succession models, having
been confined to descriptive and conceptual approaches in the

past, are only just' extending into new fields of predictive

modeliing of multi-species mixtures.

3.1 Models of production

- These include all models in which we are interested in the

accumulation of some substance or gquantity within the grassland
ecosystem as a whole. Most commonly, this will be biomass
(Waremburg et al, Tiwari 1982), but energy (Akivami et al 1981)
or nutrients are also frequently modelled. Models of N-cycling
in grasslands have recently been reviewed by Van VVeen ‘et al
(1981), Reiners (1981) and O 'Connor (1983) and of sulphur cycles
by Coughenour et al (1980}. These models have.been used io
address problems such as the effects of sulphur dioxide on
grasslands (Lauenroth et al 1984), and nitrate 1leaching in

grasslands (Kurkin 1977).

Two types of model have dominated production studies, these are
descriptive-regression models (static models), and simulation
models of whole systems {(dynamic models).

-

Z.1.1 Descriptive models. These are static models which ignore
time dependent processes. They relate production {(the dependent
variable) to one or more environmental or management wvariables

{(the independent variables) using the techniques of regression
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analysis, including 1linear regression, multiple-regression and
non—linear regrassion or curve-fitting. A good example of this
is work from GRI Hurley which relates the vield of ryegrass
pastures to fertilizer nitrogen.and climatic variables (Morrison,
Jackson and Sparrow 1980). Similar work has been done in Sweden

by Kornker and Torssell (1983).

The advantages of regression models are the simp!icity_uith which

they can be derived and the ease with which they can be

understood and used by others. However, these models rarely have
a mechanistic basis and give little insight into system behaviour

outside the range of the data on which they are based.

3.1.2 System models. These are dynamic models which
explicitly contain the variable of time. They mimic the behaviour
systems. The system is defined in terms of variables and
mathematical expressions describing the rate of change of these
variables. The models incorporate feedback by linking changes in
each variable to the level of other variables in the system.
They may be hierarchical (Goodall 1974), predicting beahaviour at
one level of organization (eg an ecosystem) in térm; of processes
at a lower level {(eg populations). But although these models are
mechanistic (or phenomonologicall), their resolution may be cé??se
(eqg ecosystem models often lump all producers into one group).
The resolution of the model is determined by the inpitial
specification of the variables, these may be of 4 kinds:
a)State wvariables - are measurable properties of the system

needed to predict system behaviour.

b)Driving variables - are variables not affected by

S



On )

processes within the system but which do have an effect on it eg
soil, climate or management inputs.

c)Output variables - are quantities the model is
required to predict. These may be, but are not necessarily, the
same as the state variables.

d)Rate variables - dé;ine the proceﬁses within the
system and determine how the state variables change uith time.
They represent either conversion or transport processes and must
have units of quantiiy per unit time (eg photosynthetic rate,
decomposition rate, grazing rate).
The emphasis that dynamic models places on processes, rather than
simply on relationships between variables, is their most useful
contribution to research programmes. A second uséful feature is
that they provide a structure in whicﬂ ghe combined effects of
two or more inter-related sub-systems can be investigated.
Identifying sub~systems is an important step inrnodelling complex
systems., In agricuftural systems the processes of respiration and
photosynthesis are often combined to derive models of crop vield
(France and Thornley 1984). Useful sub—system models have also
been .developed to describe the partitioning of resources between
roots and shoots (Gilmanov 1977, Johnson 1983) and for

decomposition (Hunt 1977).

The use of sub—system models has been central to the development
of dynamic models of whole grassland ecosystems (eg Van Hook
1971, Innis 1978, 1980a, Innis et al 1978, White 1984, Hanson et
al 198%). The most often cited of these was began van Dyne

(1968) as part of the lBF programme in the early 70°'s. It was an
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attempt ¢to model the dynamics of ihc prairie grasslands and to
predict the effects of a Qarlet} of climatic conditions and
management regimes <{(eg grazing and fertilizer) (van Dyne et al
1978). A simplified versioﬁ of their model shows the features
that common to all fhese ecosystem models (Figure 2). They are
composed of a number of inter-related sub-nodelsrin_ which the
output variables of one sub-model provides driving variables for
others. Sﬁb—system models may describe either biotic or abiotic
parts of the ecosystem. In contrast to their cropland
counterparts, models of semi-natural grasslands tend to be more
concerned with sub-system models of moisture and nutrient -status

{(Hanson et al 198%5).

The most common (and probably most useful) applications of
dynamic systems models have been in grazing studies (Goodall
1969, 1972), Wielgolaski 1975, Innis 1980b, Seligman and Arnold
1980, Shiyomi et al 1982, Akiyama et al 1984). The emphasis of
these models is usally on broad categories of producers and
grazers, with primary production being related to climatic
variables and grazing intensity. They frequently include spatial
heterogeneity of vegetation, and can be used to simulate the
effects of patchy grazing by herbivores (Hanson et al 198%5).
McNaughton's (1983) model of grazing in the Serengeti is a qood
example of the flexibilty of the approach. He illustrated the
importance of stochastic variations in rainfall, the influence
that grazers have on the amount, rate of production and quality
of +food available, and on the composition and diversity of the

vegetation. Although terrestrial herbivores typically consumed
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<10%4 of annual primary production their influence . on community
type and'stabilfty was much griath. Rainfall use efficiency in
uhgrazed stands was lower than grazed stands and grazing also
improvéd the nutrient status of plant tissues by facilitating the
cycling of nutrients and preventing tissue senescence. Greater
community diversity tended to stgﬁi;ise productivity,rlmure 80 in

grazed plots béciugérgf;tbﬁfgréifér'#ariety'qf'_gfaﬁfﬁ - patterns

'and competitive release-resultinq from selective grazihg.

Noodmansee' (1978} butlines some of the difficulties and benefits

of modelling whole ecosystems. He highlights the difficulties of

getting up the modelling team, of communication within the team,

of parameter estimation, of representing interactions and of
modelling introversion wﬁich makes it so easy to lose sight nf
the original objectives. Furthermore, modellers may not have the
best intuitive grasp of how the systeh works or have access to
the best information, and yet it becomes difficult for others to
corfect or improve things once the information is entrenched
within such complex models. System level models require 1large
amounts of data to use, but these data are often unaivalable and
parameters are hard to estimate (Hanson et al 1985) . Stenseth
(1977) 1is even more scathing in his criticism, suggesting that
large scale simulations may be impossible to interpret due to the
large number of hypothetical relations involved. May {1973)
comments that some computer simulations would benefit most from

the installation of an on—-line incinerator!
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3.2 Models of Diversity
Models of diversity attempt to describe or explain the species
richness of communities. In these models the terms ‘number of

species’, ‘species richness’ and ‘diversity’ can usually be used

synonomousl y but some models specifically describe the
distribution of species abundance, Three types of model have
prednminated : descriptive models, . analytical models and

conceptual models.

e e e e e e e e e e —— o — . —

3.2.1 Descriptive models. Early work on community organizatinn
attempted to described patterns of abundance within communities
which in simple terms consisted of a few common species and many
rare ones. Preston‘s (1942) log—normal distribution has been

found té' be the most generally apprupriaté descriptioﬁ, but

others such as the log—-series and the broken stick distribution

(MacArthur 1965) have been proposed. Attempts to relate these
patterns to wunderlying processes such as competition have
inevitably proved fruitless,. Caswell {1976} has shown how
neutral models, which do not include the effects of ecological
interactions, can success{ully' reproduce patterns of species
abundance. It is not possible to derive process from pattern, at

best the procedure may help in generating testable hypotheses.

The species—area curve is anocther example of a descriptive model

of diversity. The relationship between area (A and the number

=

of species in a community (M) is often described by N=cA {eg
Kilburn 1966, Connor and McCoy 1979). Many attempts have been
made to interpret the parameters (¢ and z) of this curve or to

make some practical use of it as, for example, in the design of

9
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nature reserves. The history of work on species-area
relationships shows how pre-occupied ecologists can become in
trying to find universal patterns and how carried away they get
when they think they have (another example is the self-thinning
curve of plant monocultures). The tragedy behind the species-
area work is that the early formulation of island biogeagraphic
theory was based firmly on underlying processes. MacArthur andr
Wilson (194&7) qriginally explained the number of species on
islands in terms ofr the balance between colonisation and
extinction and the effects of island size and remoteness on. these
processes. Despite elegant demonstrations of how this theory
can be tried and tested (Simberloff and Wilson 1970), most

ecologiste have preferred' to look for an all-encompassing

equation.

Some simple descriptive models describing the felationship
between grassland plant diversity and standing biomass and
nutrient enrichment bhave proved useful. Al Mufti et al (1977)
showed that peak species-density occured in a range of 350-750 g

-2
m in the sum of maximum standing crop and litter. Klinkhamer

-2

and de Jong (1985) found a peak at 300 g m {shoot biomass only)
in coastal dunes. However this peak was not found in stands of
woodl and herbs {(Oh and Kang 1983). Nutrient enrichment
(particularly with nitrogen) usually decreases species richness
(Green 1971), but in nutrient deficient habitats fertilizers may
increase the number of safe sites and increase richness (Miles
1973). Green (1971) suggests that a greater knowledge of

nutrient budgets is fundamental to the scientific management of

&



communities.

Faunal diversity is usually related directly to the vegetation,
although it is not necessarily positively correlated wth plant
diversity. Diversity of decomposers is most closely related to
structural diversity and resource levels within the soil and
effects of area and_isolation may also limif species richness,
The diversity of grassland.bird communities has Eeéﬁ related to a
habkitat index derived froﬁ vegetation height and its standard

deviation (Cody 19&8).

3.3.2 ﬁgglzgigél models, These are dynamic models in which
mathematical equations describing population dynamics are solved
analytitally {compare this with simulation models which use
computer simulationé to achieve the same end). The approach has

been championed by ﬁay (1972) who cantradicted existing

- gcoplogical theory by showing that in randomly connected food

webs, complexity begets instability, not stability. He showed
that community stability decreased with increases in: the number
of species, the strength of interactions between species and the
connectance of the system (connectance iz the proportion of non-—
zero interactions between the species in the community). Hence
community stability may be associated with critical wvalues for
connectance (Reimanek and Stary 1979, Yodzis 1980) or with the
division of the community into a series of loosely coupled sub-

units, sub-systems or compartments (Lawton and Pimm 1978).

These ideas have been generated from simple models of species

interactions (usually Lotka—-Volterra models) whose mathematical

¥
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tractibility is sufficient to enable conclusions about the local
stability of the system around equilibrium vaiues to be
determined. However, the intrinsic assumptions of these models
may be ecologically unsound (Lawlor 1978). In addition, it can
be difficult to find suitable field data to test the conclusions

(Pimm and Lawton 1980).

Two developments méy'pake it easier to apply analytical amethods
to érassland studies. First, Mobley (1973) has described a
method of estimating the parameters of Lofka—vﬁlterra models from
multi-species data. Second, Schulz and Slobodchikoff (1983) hﬁve
developed a simple computer program which evaluates the stability
ot an n—species community, thus reducing the need for
mathematical expertise. Even so, analytical methods are probably
only of limited value to grassland community sfudies because of
the nnn—EquiliSriai nature of grasslands. Most current ideas
about the factors controlling the diversity of grasslands stress
the importance of disturbance, and fluctuations in recruitment.
These processes are not easily modelled analytically, and our

understanding of them is mainly at a conceptual level.

3.2.3 Conceptusl models We now have a good understanding of the
processes which affect plant diversity in grasslands. Grubb
(1977) emphasised the importance of re~generatinn from seed in
maintaining diversity, a process which is enhanced by moderate
levels of disturbance (Fickett 19806, Denslow 1980, Miller 1982).
Max imum diversity may depend on the interaction between

different types of disturbance such as grazing and wallowing

It




(Collins and Barber 1985). Diversity may be reduced by extrese
levels of disturbance which eliminate whole populations, but the
loss of species is mainly due to competitive exclusion (Newmann
1973,6rime 1973). Competitive exclusion is enhanced by nutrient
enrichment (Bakelar and Odum 1978), and coexistence is favoured
by grazing and cutting, spatial heterogeneity (Fitter 1982), by
different resource use patterns (Tilman 1985) ‘and by ' temporal
fluctuations wﬁitﬁ ;;Jﬁﬁfi:difefent sbeéies (V;siié;féh¥.1979,
Warner and Chesson, Reader 1985, Janzen 1986). Thesé'basi: ideas
have been combined into wore compleﬁ conceptual wmodels -of
diversity (eg Huston 1979) which have been reviewed by During and
Williams (1984). Individual scientists will také their pick as
to which model is the most appropriate for their own use, often
they derive tﬁeic oWwn. My own version, which I have used to
interpret the short term and long term effects of growth

retardants on roadside vegetation, is shown in Figure 3.

All these conceptual models rely on our intuitive understanding
of the processes and factors they employ, many of which cannot be

reasonably defined in words let alone in a mathematical or

measurable way. Terms such as “favourability”’, ‘stress”’,
‘disturbance”’, ‘successional stage’ and even ‘competition’ are
used in vague ways. This leads to confusion and pointless
semantic arguments. Consequently, these models rarely give the

conservationist or vegetation manager detailed advice for the
solution of concrete problems. Nevertheless, they do have great
value 1in yielding general insight {(Fenchel 1978) and are a pre-

requisite to the development of more complex quanti’tative model s

3
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3.3 Hedels of successjon

Succession is the process of ecosystem change following
disturbance. Successional change is directional. It i{s usually
described in terms of overall changes in species composition or
as changes in community or ecasystem characteristics such as
diversity, productivity and stability. Lewis (1978) proposes a
useful measure of the rate of succession (the summéd-thange in
the abundance of all species,independent of sign) which can be

related to environmental and management factors.

Models of succession are still in their infancy. A fen
conceptual models have been derived from the many descriptive
studies of succession, but only fecently have mechanistic or
predictive models been developed. Our cbnceptuai models ha?e

been derived mainly from the opposing ideas of Clements (1916)

and Bleason (1926).

Clements (1916) viewed succession as an orderly process
of species replacement culminating in a stable, climax ecosystem.
Successions were regarded as predictable changes in  community
structure and function which emerged from the interaction between
species and their environment. This is the ‘organismic’® theory
of succession.

GBleason (192&6) noted the wide variety of successional
sequences and viewed succession in less orderly and predictable
terms. He interpreted it in terms of the characteristics of the
component sSpecies; the ‘individualistic® view of succession.
Egler (1954) developed Gleason’'s ideas by showing that the

initial species composition of a pioneer combunity could

i
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influance subsequent successional changes. Frank (1968) also
sounded a note of caution by suggesting that the apparent
stability of climax communities may be an artifact of the
longevity of certain major components. Despite these ideas, only
slowly did ecologists begin to interpret succession in terms of
life history characteristice and strategies. It was not until the
70°s that Connell and Slatyer (1977) proposed some general models
of succession which incorporated this view. They proposed 3
inter-related models (Figure 4) describing the pqssible
mechanisms oflsuccession following a large scale disturbance: a
"facilitation® wmodel in which the entry of late species depends
on earlier species preparing the ground; a "tolerance” model with

a predictable sequence of species adopting different strategies

for exploiting resources; and an "inhibition" model in which all

species resist invasions by competitors. Other workers bhave
developed similar ideas (Peet and Christiansen 1980, Londo 1980,
Peet 1981, Nobhle 1981). The link between these models is their
emphasis on the life history characteristics of component species
and the way in which these influence the outcome of interactions
between species and between species and their environment.
Freedman and Rosenberg (1984) have adapted the models of Connell

and Slatver and applied them to the problems of environmental

management. They suggest a management model with 5 steps:
designed disturbance, selective colonization, inhibitory
persistence, removal and regeneration. Through these processes

successional sequences and rates can be regulated to develop

biotic communities that meet conservation needs. This is &an

15




important point, Gleason’s view, although it perceives a much
greater complexity of succesional sequences than the view of

Clements, does at least offer the idea that these successions are

controllable - if only we know how.

The conceptual models of Clements and Gleason have formed the

basis for recent attempts to construct predictive models of

succession.

3.3.1 Models based gp Clements

Orﬁinatiun and other multi-variate descriptive models have been
used to describe successions in terms of observed changes in
community composition (eg Austin 1977). I+¢ we accept Clements”’

view, these models could be used predictively, but the dangers of

this approach are obvious.

Odum (1969) extended Clements’ idea of ecosystem develépment and
derived a description of succession in terms of emergent
properties of ecosystems (Figure 5). @& number of thesé have been
tested in simple models eg that the ratioc of photosynthetic
biomass to production rate to total biomass decreases (Matsuno
1978); the tightening of nutrient cycles during succession (Finn
17982). However some of Odum’s hypotheses such as the increase in
diversity during succession have been disproved by obser?ation
and experiment. Grassland plant diversity frequently does not
increase monotonically as succession procesds (Grime 1979).

Bakelar and Odum (1978) found that although the addition of NPK

fertilizer led to 1lower diversity (consistent with Odum’s
model), the species composition did not change to a younger set
16



of species.

Markov smodels have been used to make quantitative predictions of
successional change. These are matrix models which aimic
successional changes by measuring the probability with which one
species is replaced by another. Although these models are
probabalistic (but not stochastic) they are implicitly
Clementsian and predict orderly changes culminating ‘1n stable
communities. They have been useﬁ Quite successfﬁlly to predict
changes in dominani woodl and trees Qhere repl aceaent
probabiljties can be fairly reliably calculated, but they are
much more difficult to apply in grasslands Nﬁére-plant by plant
replacement is difficult to measure. The usual method for
gfasslands "is to classify the species of a small area (eg a
quadrat) into one of a number of pre-defined commmunity types and
then look at the way in which these communities inter—change.
This, of course, imposes a sequence of change that is rigidly
determined by the initial classification. The assumptions usually
made when using Markov models have been much- criticised ({(van
Hulst 1979, 1980, Usher 1981}, In parti:ular, it is doubtful
whether the future state of an ecosystem can be predicted +fron
its pfesent state without taking into account historical effects

(Bellefleur 1981, Hobbs and Legg 1984).

Markov models are inflexible and do not easily accomodate the
addition of new species or changes 1in management. Relating
transition probabilities to growth forms, life history
characteristics and competitive relationships may help overcoms

this limitation (Horn 1975). But in general, Markov models car

?
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only help us to describe and interpret successions and are of
limited value for predicting the effects of management on
successional communities. Gibson st al (1983) found they bacase
too cumbersome for realistic models of the successions that

followed release from tortoise grazing on Aldabra Atoll.

Dynamic models of the type described in Section 3.1.2 have also
been used to pradi#t QbégésS{;hél changes (Bledsoe'éﬁd;v3n Dyne
1971, Gutierfez and Fey 19735, 1981, Kauppi et al 1978). The
models often include mechanistic features, such as the influence
of humus depth, which allow a course prediction of the effect of
varying management. _However,‘ the assumptions of the models (eqg
deterministic relationships between productivity and diversity)
or their restrictiaon ta few pre-dafiﬁed seral stages (eg grass,

shrubs and trees) make them implicitly Clementsian.

There have been several attempts to make general statements on
the relationship between 1life history chafacteristics and
successional gradients (a pseudoﬂﬁleasonian approach). The
simplest of these derives from MacArthur and Wilson's (19467)
concept of r and K strategists (r and K being derived from the
logistic equation). R-strategists have high intrinsic growth

rates, rapid powers of dispersal and suffer mainly from density

independent mortality. They are characteristic of early
successional stages. K-strategists are competitive species more
typical of later successional stages. These ideas were later

developed by Odum (1969} and Brown (1984) (figure 5. Erown

(1984) also applied them to insect populations in the early

3
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stages of grassland succession. He found that more species of
heteroptera produce two or more generations per year in emarly

succession than late succession.

Grime (1979) identified 3 plant strategies (C-5-R stratégies)z
competitive, stress-tolerant or ruderal. He viewed succession as
sequence leading from ruderal to competitive spgcies, and finally
to stress tolerant species, with the balance betﬁeen the 3 types

being stroﬁgly affected by potential productivity.

Generalisations on life-history characteristics provide some
insight but are of little predictive value. -'Early successional
species may be predominantly ruderals bhut this does not enable us
to say either whether any individual ruderal species will be an
early successional species or to predict the impact of a
disturbance on a particular species. For instance, it was the
avéilability of bare ground rather than the age of a field which
determined the abundance of some biennials in old field

successions {(Gross and Werner 1982).

The challenge of modelling succession by incorporating 1life
history characteristics is twofold. First, to define and measure
the relevant autecolegical information and secondly, to establish
a method of predicting the cutcome of interactions in complex

mixtures of species in a changing environment.

Where succession is driven by allogenic changes (ie factors
outside +the influence of the community?) species interactions may

be ignored. Smith and Kadlec (1985) used life history

)4
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Characteristics and seed bank data alone to predict the allaogenic
changes i{n a freshwater marsh following fire. Van der Walk
(1981), also working on wetlands, adopted a similar approach by
classifying species into 12 types based on 3vlife history traits
{(life span, propagule longevity and p#upagule establishment). He
4lso emphasised the need for seed bank data. Models of post~fire
forest succession can also be intérprated'-as '#n‘ allogenic
process (Kessell and Fischer 1981). The key.feature of these
models is that from fairly simple information on the initial
species composition of the community, relative growth rateé and
longevity they have derived simple qualitative models of

succession which can be used to guide management decisions.

However, grassland dynamics are more usually driven by autogenic
changes within the community, particularly competition.
{Although we probably under-estimate allopenic effects, as
witnessed by the marked annual variations in grassland speciéﬁ
composition due to «c¢limatic factors, and the variable
relationship between seed mixtures and the composition of the
established sward). Van Hulst (1979) constructed simple multi-
species population models based on the premise that successional
change is caused by changes in the environment, which are in
turn, at least partially, determined by the vegetation, He
recognised two kinds of habitat change; that due to competition
{usually an instantaneous effect) and that due to reaction (which
has an historical basis and is equated with the Clementsian idea
that early colonisers change the environment in a way which is

detrimental to them). His models were based on logistic models
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of growth (in which the parameters varied with time to simul ate
reaction effects) or LdtkanVolfarra models of competition
(Wangersky 1978). Models which included reaction were not able to
account +for the well used management technique of removing late
successional species (eg shrubs and trees) to halt succession in
the grassland or shrub stage (Niering and Boodwin 1974). Lotka—
Volterfa competition models ave also been used by Leps and Prach
(1981 to model secondary suc:eﬁsion in a grassl and-shrub
community with three components 3 Crataegus, Frunus and herbs.
They investigqted the effects of soil depth on the succession by
varying the model.parameters. Tilman (198%5) modelled succession
on the assumption of different resource use strategies but
concluded that the difficulties of evaluating resource limitation

in the field limited the value of the approach.

Some interesting features of Lotka-Volterra competition models

may be particularly relevant to grassland management. First, the
cutcome of competition between two species frequently depends on
the initial conditions. It is not necessarily the strongest
competitor which survives (Dostalkova 1984). For -examplé, ir
grasslands, succession may be halted if shrub establishment ic
inhibited by a dense layer of grass. Secondly, in multi-species
mixtures the possibility exists of ‘mutualistic’ effects betweer
species which do not interact directly (Lawlor 1979). It may be
possible that species A (which produces a thick thatch whict
reduces diversity for example) will be displaced by species B (.

tufted grass species with which more species can co-exist). 1

this case the indirect effect of the dominant species B will b

Bl



to increase diversity.

The ease with which competition models can be adapted to describe
successions is encouraging, but by describing change in terms of
a single variable (usually density or biomass) and making simple

assumptions on the nature of the competitive pracess {(the law of

mass action) they may not be appropriate for all species within a

grassland. The model assumptions are most cldsely fitted by
homogenous communities near equilibrium, in which popul ations
have a stable aée distribufion. Most grasslands do not satisfy
these conditions, indeed it is probably the non—egquilibrial
nature of grasslands caused by disturbance and temporal
variability that accounts for the species richness of many
grasslands (Huston 1979). In these situations a model must be
able to include re—generation from seed and include aspects of
plant phenology. Successional models based on the growth of
individual plants have been developed for trees in forests
{(Shugart and Naoble 1981) and for dwar+ shrubs in heathlands (Van
Tongeren and Frentice 1986), but these will be difficult to adapt
to grasslands, which are more diverse and in which indiwvidual
plants are often not easily identified. An alternative wmethod

may be to use lLeslie matrices to describe age or size dependent

patterns o©r survivorship and natality (Appendix 1). Mal anson
{1984 has shown how these matrices may be ilinked to
environmental features, such as total foliar cover, to simulate

suCoessian.

3.3.3 Medels of faunal zuccecs=ion




With few exceptions succession has been interpreted and modelled
solely in terms of plant communities. Models of animal
successions have been restricted to Mar kaov model s of
decompnsitidn (Usher and Parr 1978) or of colonisation and
competition in ncommunities of sessile marine animals (Wolosz
1982). In terrestrial {(autotrophic) successions changes in
?auna are almost inevitably seén aé a secondary éffect ;f'changes
in vegetation, eg the succession of birds désﬁriﬁed by Dérvead

et al (1982). ~ With the exception of the ecosystem models of
grazing systems (which concentrate on ecosystem parameters rather
than species composition) the direct influence of <$auna on
successional change has been much neglected in models, althcough
there are many examples that show the effects of fauna on” plant
populations. Grazing by rabbits (Thomas 1960), geese (Joenje
198%8) or large herbivores (McNaughton 1985) can deflect or halt
sSuCCessions. The effects of invertebrates ﬁay be equally
pronounced {McBrien et al 1983, Brown 1984). However ,
invertebrate effects may be less obvious because smaller grazers
have little effect on gross phisiocgnomy and life forms, but often
act to reduce te-generation from seed and reduce population
densities by seedling grazing (Miles 19231, Readsr 19853, The
gffect that grasshopoer=s have on seedling survival in  disturbed
patcﬁes can depend on the scale of the disturbance (Whelan and
Main 1974). Large patches are not recoclonised by arasshopoers
tor 1-2 vyears and are less affected by grazing tham small

patches.

GRASSLAND MODELS: RECOFMENDATIONS

n
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In this section I shall indicate how the methods described above
might be wused in ITE's vegetation management programme and
suggest some areas to which we should pay special attention.

4.1 Systems models

Fublished grassland biome models are usually well documented and
could easily and profitably used as a framework for modelling
individual grassland ecosystems in the UK. However, models of
this complexity frequently contain mistakes (Rexstad and Innis
1985) and must be used with caution. A new s=et of aodel
parameters would ha#e to be estimated, but this procedure woul&
reveal areas in which we lack information. To aveoid becoming
esoteric such an excercise would have to be linked to a definite
objective. Grazing studies are particular}y appropriate because =2
model could provide a realistic means of simulating the effects
of grazing pressures which are difficult to achieve
experimentally. There are precedents for adapting systems models
in this way. The model described by Innis et al (1978) has been

adapted +{or tropical grasslands (Farton and Singh 19B4) and for

annual grasslands in California {Fendleton st ai 1983). In both
cases no structuwral change in the model was NeCEsSSary., just the
gztimation of new parameters. The models have also been adapted

to assess the impacts of specific invertebrats pest species such

as= lepidoptera larvas (Capinerzs st al 1937
F P

- Grant and French
{1980) wused a simulatiorn model to =now that the main effects of
small mammals on & grassland ecosvstem were due to disturbance
{bringing soil to  the surface and redistributing Ny  and or

consunption of arthropods, they had little effect on O imarsy
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production.

The major limitation of the existing systems models of grasslands
is their emphasis on gross aspects of ecosystem structure and
function, they do not incorporate population processes and cannot
be used to investigate effects on community diversity. In
addition, information on species compoasition may be needed to
predict adequately the gross rvesponse of an ecosystem to
management. For instance, the effects of nutrients on
productivity depends o©on the specjse composition; specise
characterisgtic of species rich sites are icherently more
responsive (Chapin, Vitousek and van Cleve 1986). The value of
considering population processes in grazing studies has been
discussed by Jones and Mottt (1980), while Reiners (198&) has
emphasized the pressihg need for such a model to complement
existing ecosystem models based on gither energy or nutrients.
We must also anticipate the need for more detailed management
advice on species composition {(gg in reserve management or
amenity and even low input pastures) which canmot .be achieved
with existing ecosystem models. There is no theoretical reason
why ecosystem models could not be expanded to include all species
indivicdually. But the framework of these models 1is not
condusive to including population dvhnamics. In the Following

r

saction (4.3 I suggest an alternative apgroach.

A further difficulty with complex systems models is that they can
sasily become very site specific. This, combined with their

compiexity (not only in terms of the number of variables thev use

But alsc 1 the complexity of the processzes they models MEHES
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them difficult for ecolgists to relate to and interpret, In
addition, their wvalue as a means of co—ordinating multi-
disciplinary research in Frogramme 4 is reduced because the main
specialisation of the scientists in  the Frogramne is guite
[aF-TaaluT N However, we should e aware of tie cansideramie
information and expertise that has gone into these models and be
prepared to make generous use of sub-system models which could be

adapted to our own needs. Madels of processes such as

'decumpaéitidn and depth related processes are examples where

ekisting models may ease the di%fiéulties of collecting

experimental data.

4.2 Diversgity models

The #isting descriptive and conceptual models of diversity are
not suitable for more than a cursory assessment of the sffects of
management on grassland dievrsity, and are totally inadequate for
&828551iNg precise effects on species composition. Models have
concentrated on plant diversity and have contributed little to
our wnderstanding of animal diversity. Few studies have
emphasised the dynamic relationships bewsen olant and animal
pbppulatians.

Descriptive models often chscure the dynamic way in  which

iveErsiny  in

[« X
(=]

-

fi:

i}

sslands is determined. in grassland plant
communities there are so many species with =imilar resource
reguirements that we cannot Fossibly interpret patterns of
diversity without considering plant dynamics. Conceptual models
whith invoke i1deas such as ‘disturbance’

’ ‘re-geEneraticon’ and

‘competitive exclusicon’ give tacit recognition to this, but douck

1é



the issue by treating these processes {(which themselyes need to
be described and modelled), as variables, which are the used on
the axis of a graph! It may be convenient to express complex
relationships in a simple graphical way, but it is also
beguiling. In ~Appendix 2 I have used catastrophe theory to
illustrate how an apparently straight forward nutrient/diversity

relationship might be given a different, dynamic interpretation.

By emphasising the dynamic nature of community diversity we can
establish an effective link between models of diversity and
models of succession. Models of diversity are simply a special
case of succession models in which the species x  environment
interaction shows no long term trend. It follows that if we can
model successional changes in communities then we can alsc model

diversity.

4,3 Succession models

Succession models should +orm  the basis .+crr understanding
diversity and for the wise management of grasslands. cffective
management presupposes an  ability to predict the response of
gcosystems t0o various management strategies. To achieve this,
studies and mndéls of succession should rnow be undergoing &
radical rethink. Miles (19835) states that a unifvying theory of
successicon at  the vegetation lewel i an unattainable goal.
There are no emergent properties o%lecnsystems that inevitablw
develop during succession. The views of Clements and Odum of
grderly successional change in strudcture and function towards

more diverse, more stable, more praoductive ecosvstems, iz at best

17



a useful generalisation. We are now faced with 2 alternative

approaches to modélling successions

4.3.1 Empirical models, The.immediate need for management
advice on individual sites requires work which describes the
changes in community structure in response to relevant management
practices. Although we no Ionger expect chcess:ons on different
sites to follow zdentlcal patterns we usually hope to ‘be able to
make generalisations based on correlations. This is essentially
a Clementsian approach, putting faith in common patterns at the
expense of detailled understaﬁding. In the short term this may be
the only realistic agproach. I¥f so then the essential feature of
any modelling methodology must be its ability te collect,
classify and extract information based on relativély simple rules
and guestions. It could be worthwhile investigating the use of
expert systems to do this (Appendix 3), but the success of these

will depend on the quality and quantity of information thai is

available. The lack of system and method for describing and
collecting environmental information, which would  make
comparisons . betwesn sites more feasible, puts a serious
constraint on the use of expert systems. I believe it is in f=zct

& critical +ailing in our approach to grassland research, and the
wider implications of this will be discussed below. However .

even 1+ the deficiencies of environmental description ar

fi]

overcome thie inductive approach, based on observation and

experiment, is limited because of the large scale (in space and

L T o
i &

time) that experiments need to ercompass to obtain generali

1
1

m

resuliis (Goodall 19773,

3



4.3.2 Process models. I believe that predicting successional
change 1is best done by a deductive approach. The success of
this method depends on 3 factors., First, a proof (or conviction)
that there are no emergent properties of ecosystems which cannoct
be predicted +rom understanding processese at a lower level of
organization. Second, a clear identification of the processes
which effect successional change. Third, the development of an
appropriate model {for deducing the effects of changes in these

processes on ecosystem structure and function.

Even if there is no unifying theory of succession at the
vegetation level there may be a unifying theory at some lower
level of organization. There is an analogy here with evolution
theary. The theary of evolution does not predict how species
will change: species change 1in many ways according toc many
{(usually unpredictable) environmental influences. However, there
i= a well developed modern synthesis of evolution, based on
processes at a lower level, which tells us why fhey GChanges.
Basically: individuals within a species vary; these variations

are innerited; competition for limited resources means that not

&ll individuals produce progeny which survive and +inally, the
best adapted individuals survive, others perish. The evolution
of species 1s the result of changes in gene freguency: the

driving forces are provided by reproduction and death and the raw

materials by gencotypic variation.

¢
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A  theory of succession, which is analagous to the theary of

evolution, could be based on changes in populations. I suggestz -
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This scheme combines the basic Clementsian idea that species

modify their own environments (without implying any pre-

" determined direction of change), but follows Gleason in

emphasising the importance of 1life history characteristice.
ARlthough it is only & word moqel {perhaps some would call it a
trivial model) it does provide a clear indication of the
processes we should concentrate on and methodoclogical
deficiencies which must be corrected if we wish to go further and
derive gerneral, predictive models of succession.

4.4.1. Definition of the environment. First, we must be able to
define and measure the envirornmental features of a developing
grassland which influence growth and survival of individual
species, Elton and Miller (1954) recognised the importance of
establishing a unifora svstem for defining animal habitats. They
realised that such a system could rot be developed in a piece-
meal way and perhaps for this reason their system has not been
widely used. Flant ecologists are even more lax  than animal

etelogists at meaningfully detining the environment and the

10
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resulting plethora of site specific studies with little to 1link
them is a handicap to any attempt to rationalise data from a
range of sites. Reed (1980) has reached a similar conclusion for
woodlands and calls for gquantifying the opsrational environment

of Fforest plants. He believes that a workable methodology for

measuring environment in the field and determining its effect on

conifer forest growth would provide the central fheofy for a
forest growth and succession model. His operational environment
defines an n-dimensional envirconmental space equivalent to the
Hutchinsonian niche. It includes variables thét are indexes of
air and safl temperature, solar radiation, soil water
availability and atmospheric water demand. We need to develop a
similar environmental description Ffor grasslands, with the
emphasis being on parsimony and eaéily measured yariables. Some
variables such as soil temperatures (Meikle and Gilchrist 1983)
and epil water can be easily estimated frum_ climatic‘ data.
Variations in soil water (eg drought) may be particularly
imgortant in explaining co-existence in grasslands by causing
competitive revercsals (Rice and Menke 1985). Successional
changes in available soil nitrogen are &lso crucial to
understanding the dynamics of secondary succession {Thorne and
Haomburg 1985, but is not easily measured. Ferhaps some biossay
technigue could be develaoped to give an indicator of soil
nmutrient condititons. Light regimes within the grass canopy
are relevant to germination and growth and recent developments in
the description of grassland cancpies may be relsvant to this.

}
(Fox 1979, Davis et al 1980%, Edergf’ e~ 195%¢ ) -
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4.4.2.ﬁggggglgg¥ Second, we must have appropriate autecological
data. Gualitative information on preferred habitats and
ecological tanges of each species will have limited wvalue for
sSLCCessinn model s. Ideally we should have quantitative
information on the production ecology of each species (growth
rates, death rates, decumpnsitioﬁ rates) ,phenology | and
germination characteristics of each species. The information
being collected at UCFE, Sheffield is a valuable step in this
direction but as far as I know they have not considered how this
information can be related to predictive models of community

dynamics.

4.4.3 Competition. Third, we must understand what plants compete
for, and how, s that we can predict the outcome of competitive
interactions. This may not be such a .daunting task as one would
suppeose. Interactions between plants are usually not species
specific and there is a large degree of equivalence in the effect
of species (Goldberg and Werner 1283). I+ plants ﬁompete through
the exploitation of comnen resources (light, water, nutrients)
then the accurate definition of the changing environment in which
plants are growing (together with the autecological information)
may be sufficient to enable us to predict the dynamics of complex
species mixture. This assumption has been used successfully in
models of succession which use the Lotka—-Volterra competition
equations (van Hulst 1977, Leps and Frach 1781) and in my own
wori in turfgrass miztures (FParr 198&). It i=s consistent with
obsetvations of pasture dyvnamics where nutrients are the dominant

tactors, and where the prior establishment of one species creates

3
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an inbuilt resistence +to change (King 1971). It can also
accomnodate interactive effects between pairs of grassland species
which are noh—reciprocal (Fowler 1981)., Only where there is
direct physical interference (or co-operation?) or in certain
symbiotic relationships feg N-fixing legumes} may we need to look
at competition in a more complicated manner.

4.4.4 Population

dynamics Fourth, we must measuré the'procesées
accounting for changes species abundance, including vegetative
growth, plant mortality, seed production and re—generation from
seed. Mere ﬁresence and absence from a community may give a
distorted view of the importance of some species to community
dynamics. Jansen (1798&) points out that many uncommon planté in
communities may be strays which have no chance of reproducing.
Conversely, the composzition of the _seed bank, which will
influence the diversity and composition of the community after a
disturbance, may be very different Ffrom the established
vegetation (Schenkveld and Verkaar 19845. Management of the
vegetation structure may be used to control recruitment from the
seed bank, =& technique which has been used +to influsnce the
composition of sedge communities at Wicken Fen. (Meredith 19835).
In addition, the initial stages of succession are influenced by
the time of vyear that bhare socil is present in relation to
germination regulirements of species {Kesver 197%: and the

composition of the seed bank (Smith and Kadlec 198%, Van der Walk

4.4.5 Reaction. Finmallw, to complets the cvecle, we must ko

now the growth, death or decay cf each species influences the

gg
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grassland micro-environment. This step is essential in autogenic

successions, but less important in allogenic successions.




Management is included in the model by measuring or predicting
its direct effect on individual species, and on the grassland
environment. Both these effects may affect interactions between
species and lead, indirectly, to further changes in community
structure. Fredicting the effects of management is closely tied
to our ability to define and monitor the grassland environment.
Using this approach we can distinguish between the immediate
effects of management which arise from death and disturbance and
the longer term effects brought about by differential changes in
plant growth and reproduction.

The model framework has heen described mainly in terms of plants
but is also applicable to animal prulétions. However ,
interactions in multi-gpecies animal communities are more
difficult to modei because of more complex niche relationships
and interactions (Usher 1978, Lawlor 1979). The model is more
suitable as a {ramewark.for considering the difect effects of
faﬁna on plant =successions.

The model is applicable to successional change on any scale.
Whatever the scale, spatial complexity must be treated in
sufficient detail to account for the contribution of separate
parts (Smith 1980). The larger the area we lock at the more
important become the effects of environmental heterogeneity and
the size and fregquency of disturbances. On a small scale the
processes of population extinction and colonisation become more
important. The scosystem concept is dimensionless and ecosystem
models of production are scale free, and can be extrapolated to
smaller or larger areas {(assuming homogensity!). Guite obviously

we cannot do the same for cammunities, the dvnamics  and

35
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composition of which are influenced by scale effects. Our

concept nf succession and the models we develop should be

independent of any arbitrary definition of scale. A model haced

on population processes linked to environmental descriptions

fulfills this criterion, with the provisoc that the larger the

scale, the more complex the procedure —of environmental

description.

4.4.46 Feasibility of the model. There are 3 factors that make

the application of life history models to succession and -
vegetation management both feasibie and relevant.

&) There are already good examples of single species
models which could be adapted. The Leslie matrix described in
fppendix 2 is one possibilty that has already been extended to
model succession (Malansdn 12841 . But for those who find matrix
formulations difficult to Follow (ie most peoplel!, & more
explicit systems approsch such as that described.by Coulman et al
{1772} may be more appropriate (Figure &). Furthermore, models
of different types and complexity could be used for different
SpEClEs, In essence, models for each species would be cub-
systems of a whole grassland scosystem.

&) Simple indexes of the grassland environment may be
sutficient to make rapid progress, provided agreement can be
reached on  standards. if more complicated descriptions are
reguired (eg to describe temporal variations) then some of the
sub-—svstem models in existing ecosystem models could be adapted.

For example, =0i1l water models could be used to relate rainfall
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and soil type to germination, regeneration and graowth; models of

nutrient cycles used to clarify .relationships between

competitive exclusion and nutrient enrichment.
c) Initially, emphasis should be given to dominant
grassland species. Often the dynamics of the whole plant

community and the direction of succession can be interpreted in

?e{atidﬂ to #he:behaviqur of‘a;fgyrddminéht 15bét;§sijk§§mpﬁféy'
1984).  The :'impé't:ktl..gﬁf disturbance also depends on thenatureuf
the déminant (Armesto and Fickett 1985). Wati'(;9é4> abserved

that although Festﬁca ovina was the dominant gpeéieé in both
grazed and ungrazed grasslands, small annuals %urvived in  the
gfazed swards because the campetiti?e power of the fescue was
reduced. Similarly, Festuca rubra turf'is be particularly stable
(Gmith,Elston  and Bunfing 1971, Farr and Way 1985), possibly
because it forms a mat in which other species cannot estaslish.
On a smaller scale, Turkington and Harper kl???) showed how the
regeneratiocn cycle in pasture was influenced by the two dominant
species (Trifolium repens and Lolium perenne’, snd this
indirectly affected the structure of the vegetatiaon.

Management studies of rare species (eg ofchids) or weeds (eg
Cirsium arwvense) also fit into this framework. But I beliesve
that we should place more esphasis on dominants. Studie=z on the
populaticon  dynamics and oroduction ecology of a few domicant

seci

fit

[y

s t a range of sites would be a useful first stes towards

e

developing general models o SUCCession., In the mneantimes,

management deci=ions  couwld be based on empirical  relatiocnshios
Betwseen the abundsnce of Loese species and detined obisctives (eg

Pigh diversityr.
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CONCLUSIONS

A wide variety of models has besn used in grassland studies. No

' 2
single model will satisfy all requirements and there is no E=mC ,
no universal law of relativity, for grasslands. Furthermore, the

emphasis that much of ecological research places on interpreting

pattern rather than investigating process is not condusive to

'discuvering any such law.

Much less clear is whether a model in itself can, or should, form

the basis of research programme. The danger is that the model

~becomes ~ an end in itself, rather than just a means to an end.

The complex whole ecosystem models,#ypical of IBg,alienated many
researcher; because they seeméd too far remcvéd from the initial,
practical_ objectives. The secondary benefits of the modelling’
exf&rc{se t{increased insight, recognition of gaps in knowledge)
were most apparent.to those invnlved.in the projects, and not
easily commﬁnicated to outsiders. Models can all too .easily

become model dinosaurs: ill adapted and doomed to extinction.

But, quite clearly, grassland models have been evolving in line
with (but perhaps a little behind) general ideaé and thiﬁking on
grassland dynamics. We have moved from descriptive mndeis, to
models of processes at the whole ecosystem level and are now
progressing towards integrating moggls of individual species in
Ty 2
multi-species communities. Rgéh (1985) and Reiners (1986) have
argued that ecology is suffering from a digression from ecosystem

research into a largely reductionist mode. 1 disagree. I

believe that this is a trend which is necessary and inevitable.
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matrix, without losing sight of their mutual dependence.

There is nothing new in advocating a life history appraoch to
interpreting vegetation dynamics, Watt (1964) did so in the early
sixties, He believed it would be instructive to investigate
the performance of a few species in a range of environments.
Furthermore, many of the projects in'Programmes 3 and 4 already
adopt this strategy. I¥ any doubt remains about the
acceptability of the approach, we should‘remember that ecology is
not the study of ecosystems, it is the study of animal and plants

in relation to their environments, ie in relation to ecosystems.

Referring back to my original objectives, 1 suggest the fﬁllowing
conclusions.

1) I suggest the scheme presented in figure 6 as a
framework which encompasses much of the present researtH effort
in Programmes 3 and 4 and provides a rationale for further
science vote effort. The central-feature of the scheme is its
move away from the stifling complexity of the whnle ecosystem
towards more tractible prcblems of managing individual species.

2) Within the scheme, individual models must be {fitted to
individual objectives:

al Leslie matrices could be used to formulate models

of population dynamics and to link them to environmental changes.

b) Sub-systems from published dynamic ecaosystem

models could bpe adapted to facilitate the description of the

envirconment.

c) Empirical methods (regressions, expert systems)

45



would be used to link research findings to practical needs,

d) Conceptual models woul be used wﬁcrever needed, to
guide thinking and provoke insight. The use of catastrophe
models have been little explored iﬁ thise area.

3) The biggest single deficiency in our research
programme is the lack of a uniform system for defining the
grassland environment. We should de§elop one and use it
consistently.

Research emphasis should be placed on the effeﬁts of
management on the population dynamics of a few grassland
dominants; the impact of invertebrates on regeneration from
seed; the effects of scale on plant population dynamicsi and the
use of models For predicting the outcome of interactions .in

multi—-species mixtures.
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APPENDIX 1: LESLIE MATRICES

A Leslie matrix provides a framework for simulating the growth of
complex populations. In its simplest fofm it consists of a
vector describing the age structure of the population. This
vector is pre-multiplied by a transition matrix,containing the
fecundity and survival probability of individuals in each age

class, to give the age structure in the next time period eg:

ti t time t+§
'F. f" f: [ ] :-.-' & I'I. . n.'
Pu 0 0 -.--.0-- 0 ﬂ‘ n1

0 pno .-.tt&. 0 x l'l; —+ r‘3

o 0 0’---.. 0 n n
':-i,n x x

where N, ......ees. 0, -are the densities in each age rclass.

F, ceerninnees fx_ are the fecundities of each age class.
P., is the probabilty of an indiwvidual
¢ ) .

surviving from class i to class i.

In this <form the dynamics of the _system can be determined
analytically, wusing matrix algebra. This approach has been used
to determine stable age distributions and op‘timum harvesting

strategies (Usher 196&, Usher and Williamson 1970).

However, for modelling the dynamics of grassland populations the
mathematical tractibility of a Leslie matrix is less useful than
the general Framework it provides for ordering thoughts on

(A

e e .
replace age classes with

population processes.

size classes or phenological classes (eg seed, seedlings,
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flowering plants) and to relate the variables in the transition
matrix fo environmantal variables. This approach has‘been used
by Malanson (19814 to link the survivorship and natality of
individual species to total foliar cover, to simulate succession
after fire. He concludes:t " ... {the Leslie matrixl.... is a
popul ation dynamlc-mndél that has the simplicity necessary for
eventual applicition and the complexity necessary<to give some

insight into processes".
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APPENDIX 21 CATASTROPHE THEORY

Catastrophe theory is a relatively new field in mathematical
topology. Its value to ecological work is that it allows the
formulation and presentation of qualitative ideas that are not
amenable to other’ more traditional methods. - Therefore,
catastrophe models can be used to illqstrate dynamic properties
of ecasystem which may otherwise be ignored. These include

discontinuities (catastrophes), hysteresis and divergence.

.Discnntinuith A large change in some property of the system

assnciatéd with a small change in some other variable (including
time) - 'Sig effects from small causes’.

Hysteresis. A delayed response to a changing stimulus - or
'where vyou end up depends on where you start’ and ‘what goes up
dﬁesn’t necessarily come down'.

Divergence. Nearby starting conditions evolving to widely
separated fipal states (eg populations just above and below
extinction threshold}.

An example of the use of catastrophe models to explain spruce
budworm outbreaks is given in Jones {(19735). I shall illustrate

the technigue with a hypothetical example taken ¥from ideas

relevant to the management of plant diversity.



The effects of nutrient enrichment and disturbance on diversity.
Consider this hypothetical graph showing the relationship between

some measure of nutrient status and species richness:

L
&.“'e, x x »x
neharss, x
(s) * X e

Nﬁ'ﬁ‘nﬁ ’er - ,
it would be statistically acceptable to fit & straight line to

this data and conclude that as nutrient status increases
diversity decreases. But +this is not the only explanation

paséible. A catastrophe model might suggest:

The graph now shows a manifold tracing changes in the equilibrium

value of species richness as it responds to small changes 1in
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nutrient status. The equilibrium level dependi on the history of
the system. Starting with low nutrients the system equilibriates
at point A, with increasing nutrients there is then a relatively
slow decline in richness until B, at which point the system makes
a sudden jump to the lower plane at B’ ,before continuing te D.
However, i¥ we s=start at point D and decrease nutrients, then
richness stays low until C, at which point there ie a sudden
increase. Between points C and B’ species'richness depends on
which direction the system has been moving (hysteresis) while at
points B and B’ the system shows a discontinuous response (a
catastrophel}.

Dynamics such as these are feasible. For instance! plants may
be able to survive and even propogate vegetatively in conditions

that would not permit establishment from seed;. juvenile and

~adult competitive abilities may véry (Grace 1985); the outcome

of competition {(as demonstrated by Lotka-Volterra equations) is
sensitive not only to the relative abundance of the competing
species but also to small changes in the competitive
coefficients. In all these cases a small change in the
environment could be sufficient to lead teoe a sudden change in the
dominant species of the community and be associated with major
changes in community structure and composition.

The catastrophe model suggests that it would be inefficient to
try and increase richness simply by reducing nutrients. But it
may be possible to jump from the lower level to the upper level
of richness with a quite small change in nutrients 1+ we
introduce a second factor such as disturbance. Figure 3 shcws

how the ‘fold’ catastrophe illustrated in figure 2 is not present
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at high levels of disturbance. Therefore if we start with the
system at point SL, with low richnéss, the introduction of
disturbance will move the 'system to ¥. At this point the
reduction of disturbance the system will return to low richness
but with the scenario illustrated (an example of a cusp
catastrophe) a small increase in nutrients mo#ihg.the system to
EE would mean that the system would now return to the high

(A G))
richness plain even when the disturbance is removed.

At fi;st sighf, the existence of cusp catastfophes ét points
convenient enough to be exploited in the managemen£ of ecological
systems may seem unlikely. But the cusp catastrophe idea does
explain the cuwrent methodology #mr introducing species into
swards. The existing sward must be disturbed and seed sown, but
in addition some technigues of reducing the competitive dominance
of Fhe existing vegetation must be found if the seed is to
develop to maturity. This might be achieved by a small reduction
in the nutrient status of the soil. However, .in nutrient rich
sites the act of disturbing the soil tends, dn a local scale, to
release nutrients and have the reverse e{{ett. Therefore, in
practice; growth of vegetation is reduced by direct methods such
as herbicides, growth retardants or cutting.

Conclusions. Catastrophe models offer an alternative way of
looking at complex ecosystem dynamics in a qualitative way. They
help us to get away from thinking in terms of rigid
relationships. Thev provide a useful conceptual approach.

However, they are not easy to apoly to highly multi-variate

situations or to use quantitatively with ecological data
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(Jeffars 1982). One useful application may be in investigating
and interpreting the bahaviour of complex, systems models (eg
Jones 197%). In these models, +the difficulty of estimating the
parameters of the mani+olds from field data would be overcome by

running model simulations.
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APPENDIX 3 & EXPERT EYSTEMS
An expert system is a computer program that solves problems
(Naylor 1983, James 1984), usually empirically.
There are two pre-requisites to setting up an expert system:
1) A concise and tractible definition of a problem..
2) An initial definition and collection of rules that form
the data base (the 'experience’ on which the computer

makes decisions),.

i —— iy . S -4

An expert system won’'t tell you how to become a millionaire but
it could conceivably advise you on how to invest on the stock
exchange or fill in your football pools. An expert system needs
a problem with a well defined series of answers to unequivocal
fguestions. Practical examples are:

- given certain symptoms — —-> diagnose the illness.

- given certain characteristics -—> identify the animal.
A good expert system should be able to update its knowledge base
to incorporate new data and extend its range of application eg by
including a new species.
To set up an expert system to give advice on grassland management
we could define the problem in terms of 3 questions:

1} What kind of grassland community have we got?

2y  What kind of community do we want in x vears time?

3) What management is needed to achieve this?
Howaver, this systeﬁ would be based on a classification of
arasslands (eq ;ndicatcr species analysis), it would he

constrained by the initial classification and not easily updated.
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1t would be a dogmatic expert.
More flexibilty could be achieved by dealing with individual
species (or individual characteristics of the érassland such as
cover) iet

i) What species are present in the grassland?

2) Do vyou want species x to increase, decrease or stay

constant?

The expert system would then specify the management necessary to
achieve this objective, and could also specify effects on other
species. ' ﬁltérnatively & management technique could he
specified, and the expert would indicate its effect on each

species within the community.

What sort of data base is needed?
In our grassland example we need to relate the change in each
species (or characteristic) to the type of management used and
probably also to other environmental factors not under the
control of management. We could do this in & number of ways,
including regression analysis or simulation modelling. But a
simpler (more empirical) approach is based on prébability theory
{(Maylor 1983).

Consider the question "Is it going to rain today?’. 1+ the
expert system was supplied with all existing weather records it
might answer:. ‘It will rain today with a probability of .54°.
14 it then asked about yesterdays weather or some other feature
of teodavs weather it could improve upon this prediction by using

conditional probabilities ( if it rained yesterday it is more

likely to rain todayl). Some questiones might enable & prediction

)



with 100% accuracy eg "Are you going out on field work?" - but

‘only if the data base included the field experience of sose

ecologists 1 know.

A similar approach could be used to give predictions on the
effects of grassland management. We would need a data base with
comprised of information in the form @ fdefinition of

management, definition of the environment, effect on species x%.

The initial problem would be to define a small, but

comprehensive, set of environmental and management descriptors.

Needlgss-tonsay, all this is more easily said than done and it is
doubtful whether we could justify the building of an expert
system for grassland management without the contractural support
of a custcmer with a real need for such a system. An obvious
example would be to produce a local authority guide ta grass
management. This could be used to help them establish standards
for the management of grass areas that are now being put out to

caontract. .
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"3iological” ressarch: quantitstive sophisticated consequences of
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validation. tem undar study stochastic and
"Management™ research: ! ' l‘mct.ional sypes
estinsting model pars- -
asters, trials of E 1 Specialized advice
different management . } o, and feedback from,
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sansgement results
for the future manage-

parameter walidation

— 1

ment, fnput to models,
validation, etc. [~ -
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Snhiedd. A tsbultr model of scological succession: trends 10 be sxpectsd n the development

:dmg“po.u...ngq) '

Developmental
Ecosystam attribuies sages Mature stages
Community energetics {
1. Groms llon/cot %lﬂh Approsches 1
rosplration (P/ : -
zmulnﬁo) oo mm!
flow ll’nﬂo} Low |
B3/
4 Net (vield) High Low |
3 Waebliks, predoca-
5. Food chains Linear, predoms- b detcies ‘
Compumity structure 5
Soonl Larpe :
%Mu’pﬂcm B Intrabiot :
;::MM Low High
10, Blochemuicad diversity Low Hieh
- 11, Stratiication and spatial _ Poody organized Wellorganized ‘
beerogencity (patiern diversity) 1
12, Nichs specialization ) - rosd Nurrow
Scmall Large
kip =" Bl T e
Nutriemt cycling y
15. Mineral cycles Open Closod »
1% Role of detritus in mutrient Unimportant ¥mportant ;
Selecrion pressure
* For For foodback
18. Growth form (_nvidlfm;' (~K-scloction™)
19. Production Quantity ' Quality
Overall homeostasis
20. Internal symbiosis Undeveloped Developed
21. Nutrient conservation Poot Good
22, Sability (resistance to exteroal Poor . Good
npmmhdoul Low
4. Information Low High

Pywey. dmmddrmm“gesh.ﬁwmﬂ.-.’
on vaives). ( Broun 1984 ).

Reproductive characters

4+ seed pumber -
= seed size +
4  seed viability -

Vegetative characters \Y f:

4 shoot/root ratic =
4 growth rate -
- mature size +

= shade tolerance

Asnual b Biennial Pp  Pesrennial p Shrub P Tree

Successional stage ——s




Successional pathuays

n-;..,.g. Modds i success i b on’ IvQ bshry ehimchnshrs,

.

'A disturbancs opens a ralatively
large space, velessing resources.

I

Tha envireameot is fa-
vourable for the estab-
1ishment only of esrtain
"early successlon”™
specien.

>

; 1l

BTarly occupsnts modify
tha savircement so that
it becomes Tass suitable
for subsaguent Tecruie~
mant of “early succes-
sion™ species but more
suitable for rvecrwit-
went of "late succes~
sion™ species.

2h

The anvironmest fa fo~
vourable for the sstsd~
1ishment of say speciss
sdapted to thoss physical
cooditions. Certain
"aarly successiom®™
species wsnally
. first Secause of 1life
history characteristics
thay heve svolved. -

B

2l

Early occupants todify
the eavirooment so that
it becomas less suitable
for subsequent recruit-
mat of "sarly succes=
sion" species but this
modification has 'ittle
or no effect on sub~
fsquent vecrwitment of
"late successioo™
species.

Tha growth to saturicy
of juvenilas of later
succession apecies is
facilitated by the envi-
ronaental modifications
produced by the early
succession species. In
time, sarlier species
are sliminsced.

y A

2

Juveniles of later suces-
sion species that invade
ot are already present
$IOM to maturity despite
the continued presence

of healthy individuals

of early succession
species. In time, earlier
species are eliminated.

This sequence continues
wotil the resident -
species m» lowger facil-
itace the iwvasion and

srovth of other spacies.

/]

This sequence continues
until no species exise
that can iovade snd grow
in the presence of the
resident.

c

s

Eorly occupants modity
the anvironment so that
it becomes less suitable
for subsequent recruit-
ment of 2oth sarly and
lste succession specfes.

L&-——-—q

X

As long as individuals
of earlisr colomists
persist undamagad and/
or continua (o regen-
erate vegecatively,
they exclude or sup~
prass subsequent col~
onists of all species.

At this stage, turtber invasion andfor
is dsmaged or killed, releasing space.

grovth to meturity cam occur ooly vhen a residest individual

Whecher the species composition of chin commmity continues
to change depends wpon the conditions existing at that site and on the charactaristics of the

species availsble as replacements.

2

/

Figure ). Three modsls of the mechanisms producing the 3

equence af spscies in guccession. The das ii
roprassnt intermptions of the process, in decres it hed lires

1 ta referred to ar the "Pasilitation”

the "Inkibition™ wodel.

cairgy

1t

in the order
wodel, pathuay 2 as the ™Tolercnce”
{From Connell and Slatyer 1977},

v e = e

v, x, ¥yand 2. Path
model, and pathuay 3 ca
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