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Biological models for monitoring species decline:

the construction and use of data bases

C. R. MARGULES anp M. P. AUSTIN

CSIRO Division of Wildlife and Ecology, P.O. Box 84, Lyneham, ACT 2602, Australia

SUMMARY

We describe procedures for designing ecological surveys and analysing survey data which more
accurately estimate the spatial distribution patterns of species than the opportunistic or ad hoc biological
field collections generally available. Surveys should be based on an environmental stratification, and the
data collected should be sufficient to enable statistical estimates of wider spatial distribution patterns to
be made from the point sample sites of the survey itself. Without such ecological data bases of high
quality, accurate estimates of extinction rates will remain problematical, that is, confined to single

populations and geographically restricted.

1. INTRODUCTION

A necessary prerequisite for estimating extinction rates
is a data base that adequately represents the biota and
is comprehensive in its geographical coverage. This is
a fundamental and obvious requirement, so obvious,
in fact, that it seems often to be taken for granted that
such data exist. In reality, only a few small parts of the
world with a long history of biological field surveys,
such as the British Isles, can lay claim to adequate and
comprehensive data bases, and even these can only be
considered adequate for some components of the biota
at some scales. Usually, field records are collected in a
haphazard or opportunistic manner, the species
recorded are the ones of interest to the collector, and
the places from which they are recorded are the places
those species might be expected to be found, or are
conveniently accessible. Accordingly, extensive and
often detailed collections of field records in museums,
herbaria and various natural resource management
agencies throughout the world are flawed, because
they are incomplete and often biased, both in geo-
graphical coverage and in the sense that they are
records of subsets of taxa.

The purpose of this paper is to describe some recent
advances in the design of biological surveys and the
analysis of survey data to estimate more accurately the
spatial distribution patterns of species, and thus
improve the baseline against which extinction rates
can be estimated.

To establish a sound ecological data base requires
(i) a conceptual framework based on ecological
theory; (ii) field survey design principles based expli-
citly on the conceptual framework for locating field
sample sites; (iii) a rationale for determining which
measurements should be made at the chosen field
sample sites in addition to records of the target species;
and (iv) appropriate statistical methods for analysing

Phil. Trans. R. Soc. Lond. B (1994) 344, 69-75

survey data and predicting wider distribution and
abundance patterns from the point records that the
field sample sites represent.

Each of these requirements is considered in turn
below.

2. THE CONCEPTUAL FRAMEWORK

Figure 1 is a map of koala records from part of the
mid-north coast of New South Wales, Australia.
Notice that these koala records closely map the road
network. They are ad hoc and opportunistic. It is not
possible, from this map, to define the range of this
species. The sites with records are almost certainly a
subset of the sites where this species actually occurs,
and there are few, if any, records of where it was
looked for but not found, that is, sites with recorded
absences. The koala is probably Australia’s most
charismatic animal, but it is still not possible to define
its range even in an area close to major population
centres.

This is only one example of a pervasive problem
with most existing data bases. Field records of trees in
the Amazon, for instance, map the river network (G.
Prance, personal communication). Such data bases
contain recorded locations of some species but not all
(or most) actual locations and no records of absences.
They are not even representative of, let alone sample
adequately, real distribution patterns.

Plant ecologists have adopted the concept of the
individualistic continuum to explain observed pat-
terns of variation in vegetation (Gleason 1926). The
continuum concept holds that each species has a
unique distribution, determined by its genetic make-
up and physiological requirements, which is con-
strained by ecological interactions with other species.
It is closely related to the niche concept used by
animal ecologists (Whittaker et al., 1973; Austin
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Figure 1. Koala records (courtesy of New South Wales National Parks & Wildlife Service) and the road network on
part of the New South Wales north coast.

1985), and similar continuum patterns apply to
animals (Rotenberry & Wiens 1980).

This is an appropriate conceptual framework for
ecological survey design because it links species distri-
bution patterns with variation in the environment.
Whittaker (e.g. 1956, 1960) and Perring (e.g. 1958,
1959, 1960) provide a rationale for the types and
scales of environmental gradients that could be incor-
porated in survey designs. More recently, Nix (1982)
argued that, for the purpose of estimating distribution
patterns of plants and animals, complete niche specifi-
cation is not necessary, and that five environmental
régimes, namely solar radiation, temperature, mois-
ture, mineral nutrients and other components of the
biota, are sufficient.

The goal of an ecological survey is to detect
accurately species distribution patterns in both en-
vironmental and geographic space. The lesson for
survey design is that the best estimates of which
species occur in a region, and the patterns of abun-
dance and range they exhibit, require the region to be
stratified using major resource gradients or environ-
mental variables, such as temperature, moisture and
substrate, and to ensure that the range of combina-
tions of these variables is sampled. Although the major
determinants of patterns of occurrence are environ-
mental, distributions are also conditional on co-
occurring species. Thus it is necessary to record a
range of species from survey sites to examine processes
influencing persistence or extinction. Biological collec-
tions alone are insufficient for this purpose. Ecological
data bases are needed.

3. FIELD SURVEY DESIGN

Survey data should be accurate and reliable, and
fairly represent the true distribution and abundance
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patterns of the species recorded. Yet the design of
surveys is a neglected topic (Austin & Heyligers 1991).
Surveys themselves can be tedious, time consuming
and labour intensive. Biological survey is not seen as a
scientific endeavour and is therefore ignored by
textbooks. There now exists a very sophisticated and
still rapidly evolving technology for displaying and
manipulating data in computers, but the methodology
for acquiring those data in the first place remains
primitive. The design of a survey has such profound
implications for the subsequent use of the data that
rigorous design rules should be formulated, explicated
and applied.

Environmental stratification is an appropriate con-
ceptual framework, but devising efficient and effective
surveys, even within this framework, is an immensely
practical problem. Gillison & Brewer (1985) proposed
the use of gradient-directed transects, or gradsects, as
a practical tool for designing surveys efficiently. The
idea is to identify a set of transects which intercept the
major environmental strata. If these transects (grad-
sects) are aligned along gradients of steep environ-
mental change then the greatest amount of environ-
mental variation can be intercepted in the shortest
distance. Austin & Heyligers (1989) proposed refine-
ments of this idea, including replication within tran-
sects and explicit rules for locating field sample sites,
which incorporate another lower level of stratification.

(a) An example: trees in coastal hardwood forest,
New South Wales, Australia

Austin & Heyligers (1989, 1991) conducted a
survey of tree species in the Eucalyptus forests of coastal
northern New South Wales. The area to be surveyed
covered 20000 km?, the entire catchments of five
major rivers. These rivers originate on tablelands and
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Figure 2. The north coast survey area showing'the location of gradsec.ts. The large dots represent survey sites where
Eucalyptus radiata was found and the smaller dots all other survey sites (reproduced with permission of Elsevier

Science Publishers from Nicholls (1989)).

flow east through deeply dissected mountains and hills
onto a coastal plain and then into the Tasman Sea.
Most of the area remains forested, although significant
parts of the broader valleys and the coastal plain have
been cleared for agriculture and settlement.

The Austin & Heyligers design protocol contained
seven steps: (i) identify the major environmental
variables influencing the distribution patterns of vege-
tation; (ii) recognize the subset of environmental
variables best suited to determining the position and
direction of gradsects so that they sample the range of
combinations of environmental variables; (ii1) choose
the best available data for environmental stratification
and the best available technology for implementing
gradsect selection; (iv) stratify the environment within
gradsects and break the gradsects up into segments to
allow replicate sampling at different geographical
locations; (v) decide whether or not another level of
stratification is needed to take account of environmen-
tal variation at the local scale; (vi) decide on the effort
that should be spent sampling the rarest environmen-
tal strata as opposed to increasing replication of the
common strata; and (vii) be flexible; some sample sites
selected in the laboratory will be useless because, for
example, they have been cleared, or access is denied;
new sites have to be chosen following established rules
(suggested below).

(b) Survey design

Austin et al. (1984) had shown previously that rock
type, rainfall and temperature have a strong influence
on the distribution of tree species at this regional scale.

Phil. Trans. R. Soc. Lond. B (1994)

As temperature correlates strongly with altitude,
altitude was used because it could be easily deter-
mined in the field.

A regular 0.01 degree grid (approximately 1 km?)
was placed over the study area. Possible gradsect
locations were evaluated by plotting all gridpoints
against rainfall, altitude and rock type. These three
major variables were divided into classes; 9 for rock
type, 7 for altitude, and 8 for rainfall, producing
9 x 7x 8=>504 possible combinations or environmen-
tal cells. In fact only 215 occur within the study area,
mainly due to the localized distribution of rock types.
Four was the maximum number of gradsects that
could be sampled with available resources, and those
four were positioned to encompass the maximum
number of rainfall-altitude-rock-type combinations.
Of the 43 combinations not covered, 18, nearly half]
were represented in the study area by only one or two
gridpoints. Figure 2 shows the selected gradsects, the
distribution of sample points within them, and records
of one species, which is used to exemplify analytical
techniques below.

(c) Sampling strategy

Each gridpoint in each environmental cell should
have an equal, or at least known, probability of being
sampled. This is not possible in practice because access
to many gridpoints would impose unacceptable costs
(e.g. use of helicopters). Instead, Austin & Heyligers
adopted a set of rules which ensured consistency of
sampling and, being explicit, provided the opportu-
nity for the degree of bias to be determined.
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Figure 3. Survey sites plotted in the space formed by mean annual temperature and mean annual rainfall. The large
dots represent sites where Eucalyptus radiata was recorded (reproduced with permission of Elsevier Science Publishers

from Nicholls (1989)).

These included restricting sampling to within
0.5 km of access tracks, and proportional sampling
depending on the number of gridpoints per environ-
mental cell. Sample sites were selected randomly
within each geographic segment. Each sample site
consisted of five quadrats which together cover local
environmental variation due to aspect and topo-
graphic position. Further details of quadrat location
and field measurements can be found in Austin &
Heyligers (1989, 1991).

4. FIELD MEASUREMENTS

The rationale for deciding on what to measure at cach
field sample site is determined by the requirement to
predict wider geographic range and abundance pat-
terns from the samples. Thus field measurements,
aside from records of the target species, should be
made of those variables most likely to correlate with
species distribution patterns.

Austin et al. (1984, 1990), Margules & Nicholls
(1987), Margules & Stein (1989) and Nicholls (1989,
1991) have successfully used environmental variables
such as rainfall, temperature, lithological substrate
and solar radiation to model the distribution patterns
of plant species and plant communities. Braithwaite et
al. (1984, 1989) and McKenzie et al. (1989) provide
some empirical support for a similar relation between
environmental variables and some animal distribu-
tions at a regional scale.

Ecological knowledge and experience have to be
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brought to bear. The most appropriate variables may
differ in different ecosystems or biomes but the
rationale is that they should be expected to be
adequate predictors of wider distribution patterns.
Austin & Heyligers (1989, 1991) recorded altitude,
aspect, slope and topographic position which, when
added to rainfall, temperature and rock type, the
variables used in the survey design, were deemed to be
appropriate and sufficient correlates of wider distribu-
tion patterns for trees in the forests of their study area,
on the basis of previous experience and local know-
ledge.

5. ANALYTICAL METHODS

An appropriate analytical technique for survey data
collected in an explicit systematic way is Generalized
Linear Modelling (¢rm) (McCullagh & Nelder 1983),
which has traditional least-squares regression as a
special case, is flexible in its assumptions, and allows
the simultanecous use of continuous variables and
factors. It is a tool that allows prediction from point
samples via correlation with external variables to the
wider geographic space. If the survey is complete,
representing a true sample of the environmental space,
the predictions will be interpolations with a high
degree of confidence. If there are combinations of
environmental variables not sampled in the survey
then the predictions will be extrapolations beyond the
domain of the data, and there will be less confidence
in their accuracy.
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Table 1. Details of the environmental variables available for inclusion in a model developed to predict the probability of occurrence

of Eucalyptus radiata by Nicholls (1989)

variable type range or number of levels
altitude continuous 0-1750 m

mean annual rainfall continuous 800-2300 mm

mean annual temperature continuous 9.0-19.9°C

lithology categorical 9

topography categorical 6

exposure categorical 3
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Nicholls (1989) modelled the distribution of one
trec species from Austin & Heyligers’ (1989, 1991)
survey data, Eucalyptus radiata, which is reported here
as an example. Other examples using different data
sets can be found in Austin et al. (1984, 1990),
Margules et al. (1987), Margules & Nicholls (1987)
and Margules & Stein (1989). Leathwick & Mitchell
(1992) provide a New Zealand example based on a
conceptual framework which incorporates historical
disturbance following volcanic activity.

Figure 2 shows the recorded geographical distribu-
tion of E. radiata, and figure 3 shows its environmental
distribution in the space defined by rainfall and
temperature. Table 1 lists the environmental variables
available to Nicholls for use as predictors. Three of
them are continuous and three are categorical.

Nicholls used the presence or absence of the species
at a survey sample site as the dependent variable, and
hence used logistic regression. He adopted a forward
stepwise procedure, appropriate for an exploratory
analysis of this kind. Complete details of the fitting
procedure are supplied by Nicholls (1989).

152°E
T

The probability of E. radiata occurring at all
combinations of rainfall, temperature and rock type
found in the study area was calculated and the
resulting surfaces contoured. A geographic map of the
probability of occurrence of E. radiata was generated
by calculating the probability of occurrence in each
1/100th degree grid cell using rainfall, temperature
and the appropriate rock type. Figure 4 shows that
map, which can be compared with figure 2.

6. DISCUSSION

Better data bases can be compiled with systematic
stratified surveys based on a sound conceptual frame-
work and the use of relevant analytical techniques. All
of the methods are published and the software is
widely available. The ideas behind them are essen-
tially common sense. They were developed from the
premise that complete inventories of regions or biomes
are not a realistic option in the foreseeable future.
Collecting expeditions have not been conducted in
the past with a view to mapping range and abundance
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Figure 4. Predicted geographic distribution of Eucalyptus radiata, which can be compared with the recorded
distribution within gradsects shown in figure 2 (reproduced with permission of Elsevier Science Publishers from

Nicholls (1989)).
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patterns of species, yet that is what collections in
museums and herbaria are now being used for. Future
collecting activities should incorporate environmental
stratification in an explicit survey design. Green &
Gunawardena (1993) have surveyed both the flora
and fauna of Sri Lankan forests by using the gradsect
design approach.

When the expense and labour invested in traditio-
nal collecting expeditions is considered, designed
surveys will probably prove to be cheaper. Survey
costs are almost never published (but see Margules &
Austin  1991). Cost-effective surveys require both
presence and absence data for predictive modelling
(Margules & Austin 1991). However, there are em-
pirical methods for estimating distribution patterns of
species from presence-only data such as museum
records. BIOGLIM is a well-known example (Nix 1986;
Busby 1991) which compares the climatic profile of
sites with known records of species with other sites to
locate similar climatic profiles and therefore potential
locations of those species. This is a rational way to use
presence-only data, but the predictions do not have
the same confidence that they would if the modelling
technique was statistical. Museum records are also
being used in an innovative way to help identify
global priority areas for conservation action based on
taxonomic diversity (Vane-Wright et al. 1991; Pressey
et al. 1993).

Nevertheless, these are not reasons to continue with
ad hoc or opportunistic collections of biological records.
If future collections and other surveys were to be
carefully planned based on environmental stratifica-
tion and explicit design rules, the data could be used
more effectively and with more confidence to estimate
wider distribution patterns at a regional scale. One
practical outcome would be to identify a subset of sites
within a region that together sample, in a statistical
sense, the biological diversity of that region as it is
expressed in the data base (Margules & Nicholls
1994). This subset can be thought of as a nominal
reserve network which samples regional diversity, and
is therefore a suitable basis for developing regional
conservation plans (Margules et al. 1994).

Although ecological surveys need a conceptual
framework (see, for example, Austin & Smith 1989),
they must also be informed by experience, intuition,
common sense and local ecological knowledge. Eco-
logical and evolutionary history play a role, in some
cases a major role, in determining distribution pat-
terns. Species with relict distributions or vicariant
species occupying similar, but geographically isolated,
environments will be detected with geographic repli-
cation but may not be modelled adequately. Plant
species in the hyper-diverse areas of the Cape region,
South Africa (Cowling 1992) and south-west Western
Australia may be cases in point.

Nevertheless, a data base derived from ecological
survey and predictive modelling using the idea of an
environmental realized niche (Austin ef al. 1990) as a
conceptual framework is a first descriptive step to-
wards understanding population dynamics in space
and time, and, therefore, estimating more accurately
probabilities of extinction.

Phil. Trans. R. Soc. Lond. B (1994)
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Discussion

D. MovrrisonN (Heriot-Watt University, Edinburgh, U.K.). Dr
Margules and Dr Austin describe the contrasting commu-
nity and continuum concepts for species niches. Have they
analysed their data for individual species to see whether they
provide evidence for or against the community concept?
They seem to have an excellent data set for examining
whether any pairs or groups of the tree species tend to occur
together more or less often than would be expected purely
from the environmental variables.

C. MarcuLEs. We have classified similar data into commu-
nities of co-occurring species which form spatial mapping
units for the practical purposes of planning and manage-
ment. Species with similar environmental requirements do
tend to co-occur in space, but they are separated in
environmental space, and as the environment changes, say,
with latitude or altitude, some species drop out and others
replace them. See Austin & Smith (1989) for a full
discussion.

¥. Smrru (Stanford University, U.S.A.). The identification of
regions in particular danger can be helped by overlaying
multi-species data (e.g. mean range size, species richness) on
topographic, climatic and particularly human data. In
Australia, most mammal species are found between the east
coast and the Great Dividing Range: these species have
comparatively small ranges. Most human habitation is also
in this region. There may be hotspots here which humans
are unwittingly removing but it would be quite easy to
identify them.

C. MarcurLes. We have used similar models, including
predictions of arboreal mammal distributions, to identify
areas of high conflict between conservation interests and
timber production interests in south-eastern Australia.
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